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Abstract
We have investigated the use of hexacarboxamide cryptands as sextuply anionic binucleating
ligands. Two homobimetallic complexes of a t-butyl-substituted cryptand, featuring
manganese(II) ion and cobalt(II) ions, have been synthesized. The manganese species features a
bridging hydroxide ligand; both of these species have been structurally characterized, though
complete characterization was not possible due to the compounds' impurity.
A highly soluble hexacarboxamide cryptand, featuring dipropoxyphenoxyl substituents,
was synthesized for the first time, and has been structurally characterized. The structure features
a two-dimensional hydrogen bonding network, resulting in infinite sheets of cryptand units. We
have synthesized a dicobalt(II) complex of this ligand. This compound features the metal centers
in cofacial trigonal monopyramidal geometries, with an intermetallic distance in excess of 6 A.
This marks the first time that such a species has been fully characterized. Despite the void
between the metal centers, elucidation of constructive reactivity was a challenge, though
insertion of cyanide under forcing conditions was achieved. This dicobalt(II) p-cyano complex
was also structurally characterized.
Using the methodology set forth for the synthesis of the dicobalt(II) complex of the
soluble cryptand, we have synthesized a series of complexes of this ligand, featuring
manganese(II), iron(II), nickel(II), and zinc(II). These compounds were structurally
characterized, and were found to be isomorphous with the dicobalt(II) complex. A comparison of
the structures is drawn. These compounds have also been characterized by a variety of methods,
including SQuID magnetometry, cyclic voltammetry, EPR, and, in the case of the diiron
complex, Mbssbauer spectroscopy. Also reported is work toward a diiron(III) complex; the
M6ssbauer spectrum of this species is reported. In analogy to the pt-cyano complex of the
dicobalt complex above, a p-cyano complex of the diiron(II) was synthesized and structurally
characterized.
Investigations into the utility of the initial t-butyl substituted cryptand as a ligand have
also been made. Initial results indicate that monometalation of this ligand is possible, and
treatment of a putative monocobalt(II) complex with tetrabutylammonium cyanide suggests that
the cyanide-bound product is in equilibrium with the free complex.
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Chapter 1. Synthesis and structural characterization of Mn2+
and C02+ complexes of a t-butyl-substituted
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1.1 - Introduction and Context
1.1.1 Cryptands as ligands for oxygen-oxygen bond formation
Oxygen-oxygen bond formation is a process that, while readily achieved in nature, is difficult to
effect in a laboratory setting at near-thermodynamic potentials, and is furthermore crucial to our
ability to solve the energy crisis. As half of the water splitting reaction (Scheme 1),
understanding the mechanism(s) by which 0-0 bond formation takes place represents a crucial
goal for inorganic chemistry if solar-powered water splitting is to ever become practical on a
large scale. The challenges in this area are substantial. The formation of oxygen from water
represents a 4-electron process coupled to 4 proton release events. In addition, stepwise, 1-
electron pathways for this bond formation generally occur at significantly higher potentials than
the thermodynamic value for a concerted process,' meaning that a greater understanding of such
multielectron redox reactions is an area of important research. With global energy use expected
to double by mid-century at current consumption rates,2 3 and 0-0 bond formation representing
significant piece of the solar energy puzzle, understanding the manner in which such a bond
forming event takes place could lead to significant advances in technologies designed to make
affordable water splitting a reality.
Nature accomplishes this difficult bond formation via the oxidation of water in
Photosystem II (PSII). 4 -5 PSII is a dimeric protein complex composed of 38 protein subunits
found in the thylakoid membranes of phototrophs, linked to Photosystem I (PSI) via an electron
transport chain that ultimately uses the electrons generated in the oxidation of water to fuel
NADPH synthesis. At the core of this supercomplex is a tetramanganese cluster known as the
Scheme 1
2 H20 -002 + 4 H+ + 4 e-
4 H++4e- o2 H2
2 H20 - 0 2 + 2 H2
Oxygen-Evolving Complex (OEC).7 The OEC is composed of four manganese atoms and a
calcium atom. Crystallographic studies suggest that the structure is that of a distorted Mn3Ca
cubane that is presumably oxo-bridged, with one further Mn "dangling" from the cubane.8-9 This
proposal supports EPR data obtained earlier by Britt and coworkers that suggests a similar
structural motif.10 However, in spite of these structural studies, the mechanism by which water
oxidation takes place in the OEC remains a matter of debate."-" What is known, however, is
that four discrete photoexcitation events initiate the removal of four electrons from the OEC,
triggering the oxidation of water to oxygen. This five-state (So through S4) model was proposed
in 1970 by Kok and coworkers, and is now commonly referred to as the Kok Cycle.16 This cycle
describes how the necessary oxidation of the OEC happens, but not how the 0-0 bond is
actually formed. Proposals that have been put forth include the attack of an oxygen nucleophile,
either water or hydroxide, on an electrophilic high-valent manganese oxo,13 and the attack of a
manganese oxyl radical on a bridging oxo atom.1 2
Recently, Nocera and coworkers have discovered a cobalt phosphate catalyst capable of
the electrocatalytic oxidation of water to oxygen at neutral pH.17 While this discovery represents
an important achievement, the electrodeposited catalyst is amorphous in nature, making the
elucidation of the structure of the catalytically competent species, as well as the mechanism by
which water oxidation proceeds, a challenge. EXAFS and XANES studies suggest that the
structure of the species may be a series of partial cobalt-oxo cubanes, bearing some resemblance
to the cubane-like structure of PSI1.'8 In addition, EPR studies suggest that the species competent
to create 02 from water involves one or more cobalt(IV) centers, again in analogy to the higher
oxidation states of manganese observed during oxygen evolution in the OEC.19 While studies
directed at elucidating the mechanism by which this catalyst works are ongoing, homogeneous
systems capable of performing oxygen-oxygen bond formation are of interest as they may be
more straightforward to probe.
The literature describes a few examples of molecular systems capable of water oxidation.
The first synthetic compound capable of oxidizing water to oxygen came from the work of
Meyer and coworkers. Using cerium(IV) as an oxidant, they showed that the oxo-bridged
ruthenium dimer [(bpy)2(H20)Ru'ORu'(OH2)(bpy)2] 4* (bpy = 2,2'-bipyridine), the so-called
"blue dimer", was a competent water oxidation catalyst; four oxidation events lead to a
20- 21bis(Ruv=O) species from which oxygen is evolved .2 Interesigy while the existence and
Scheme 2
MLx
OH2  0
0 0
MLx MLx
Acid-Base (AB) Radical Coupling (RC)
efficacy of the blue dimer contributed to the thinking that bimetallic constructs might be
necessary for effective 0-0 bond formation, influencing the work of Llobet,2 Thummel,23 and
Tanaka,24 monometallic water oxidation catalysts have been reported recently, including
[Ru(tpy)(bpm)(OH2)]2+ (tpy = 2,2':6',2''-terpyridine; bpm = 2,2'-bipyrimidine) from Meyer's
laboratory.2s Again, the competent species is believed to be a Ru =O unit. Mechanistic work has
shown that the oxygen-oxygen bond forming step is first-order in catalyst,26 suggesting that an
acid-base mechanism (vide infra) is operant, with water attacking the Ruv=O unit in a
nucleophilic manner. Calculations performed by Van Voorhis and coworkers support this
hypothesis.27
There are several proposals for mechanisms by which oxygen-oxygen bond formation
can take place at a metal center. The limiting mechanisms are the Acid-Base (AB) mechanism, in
which an electrophilic oxygen center is attacked by an oxygen nucleophile, and the Radical
Coupling (RC) mechanism, wherein two oxygen centers bearing unpaired electron density
undergo bond formation, with each center contributing an equal number of electrons to the 0-0
bond.* These potential mechanisms are depicted in Scheme 2. It should be noted that the RC
scheme does not require that the metal-borne oxygen functionality be a terminal oxo; one can
envision other oxygenated moieties such as nitrosyl and carbon monoxide participating in the
bond forming step. For simplicity's sake, metal oxos will be commonly invoked in this text.
Controlling the ligand field chemistry of this oxygen-oxygen coupling thus takes on
significant import: the coordination sphere about the metal center will control the electronic
configuration of said metal center, which in turn will control the nature (i.e., electrophilic,
nucleophilic or radical) of the terminal oxygen atom, and thus its reactivity. This subject has
been discussed in the literature;28 a brief summary is in order here to contextualize later subject
* An "oxyl radical" mechanism has also been proposed as the operant mechanism for 0-0 bond formation in the
OEC. This mechanism can be thought of as a cross between the AB and RC mechanisms, involving an oxygen-
centered radical attacking another oxygen atom in the cluster. In addition, electron transfer preceding AB reactivity
is another potential mechanism of bond formation.
matter. An electrophilic oxo becomes possible when the electron density on the oxygen is drawn
toward the metal center. This situation presents itself in a field wherein the 7t*-system between
the transition metal center and the oxygen is empty, as in the case for a tetragonal manganese(V)
oxo, a species which has been suggested to be the electrophile in the 0-0 bond forming step in
the oxygen production in the OEC.1 3 It should be noted, however, that the metal-oxygen bond is
at its strongest in this case - with the x* system empty, a M=0 triple bond is anticipated; such a
strong bond might be expected to disfavor 0-0 bond formation. However, the AB mechanism is
commonly invoked as being the mechanism for Meyer's bi- and monometallic water oxidation
catalysts,29 with water playing the role of the nucleophile. Recent calculations suggest that water
oxidation catalysis performed by species such as Nocera's bimetallic dibenzofuran-spaced
ruthenium polypyridal system, which do not feature a single atom bridge between the metal
centers, would most likely catalyze water oxidation via the AB mechanism as well, with a direct
coupling between the ruthenium oxos anticipated to have a large kinetic barrier. 2 7
The RC mechanism avoids the question of the strong metal-oxygen bond by necessity.
Instead of emptying the metal-oxygen (or metal-oxygenated ligand) a*-system of electrons, the
RC mechanism requires at least some unpaired electron density in these orbitals. This engenders
radical character on the terminal oxygen atom. By arranging two such oxygenated species in
close proximity to one another, one could hope to make an 0-0 bond in a radical fashion.
Having unpaired electron character in the a* orbitals causes the M-0 bond order to formally dip
below three, and allowing for less strong bonds may favor the 0-0 bond formation. An ideal
candidate for the RC mechanism would have a transition metal in a trigonal bipyramidal
coordination geometry. Such a species is likely to have the dx, and dyz as its lowest lying d-
orbitals; unpaired spins in these orbitals would be expected to be projected out to the oxygen
functionality, priming the system to participate in an RC mechanism.
1.1.2 Ligand design
We were thus interested in exploring systems that are capable of supporting transition metals in
trigonal coordination geometries. TREN (TREN = tris(2-aminoethyl)amine) presents an
excellent scaffold around which to build a system that will make investigation of oxygen-oxygen
bond formation via an RC mechanism possible. TREN-based ligands are capable of coordinating
transition metals in trigonal geometries, both mono- and bipyramidally, based on the access
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allowed to the second apical site by the sterics of the system. In addition, TREN frameworks can
be made triply anionic, a feature that could lend stability, even if only transiently, to high
oxidation state metal centers that could be necessary to perform the desired chemistry. In
addition, the transition metal chemistry of TREN scaffolds is now well-documented, and
continues to be a rich area of research.
While the chemistry of anionic TREN scaffolds dates back to work done by Verkade and
coworkers on main group atranes, 30 the transition metal chemistry of ligands of this type is less
than two decades old. Complexes of silylated TREN ligands were first reported by Cummins,
Schrock, and coworkers in 1992 with CITi[N3NTMs] and ClV[N 3NTMS] (TMSN3 N3 ~ =
(Me 3SiNCH 2CH2)3N3~), as well as alkylated versions of the titanium compound.31 A slight
modification of the ligand, using t-butyl dimethylsilyl substituents instead of trimethylsilyl,
allowed for the isolation of trigonal monopyramidal complexes of Ti3*, V3+, Cr3+, Mn3+, and
3+ 32Fe . Over the next few years, this ligand and ones like it were found to support an iron(IV)
terminal cyanide,33 a family of tantalum(V) phosphinidenes,34 and a series of vanadium(V)
terminal chalcogenides.35 Later, Schrock and coworkers employed HIPTN3N3 (HIPT =
hexaisopropylterphenyl) coordinated to molybdenum(III) to reduce dinitrogen catalytically.
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This is the first homogeneous nitrogen reduction catalyst to be reported.
Borovik and coworkers have used a urea-modified TREN scaffold to investigate the
chemistry of trigonally-coordinated first-row transition metals with oxygenated molecules. Most
notable is the work describing the treatment of manganese(II) and iron(II) complexes of a
tris[(N'-tert-butylureayl)-N-ethylene]amine ligand with oxygen and water (Scheme 3 outlines the
reactivity of the iron species with oxygen).38-40 Depending on the protonation state of the pendant
urea groups, either terminal oxides or hydroxides are obtained; the reaction mechanism is
presumed to involve hydrogen atom abstraction from the solvent.41 Importantly, calculations
suggest that these reactions proceed through MIV=0 intermediates. 42 That these high valent oxo
intermediates perform hydrogen atom abstraction lends credence to the idea that such oxos may
possess radical character at oxygen, most likely engendered through the unpaired electrons in M-
O -* orbitals. Two such oxos in close proximity might form an 0-0 bond. This is in analogy to
two organic radicals combining to form a bond, but the potentially high reactivity of the high-
valent oxos necessitates that they be forcibly held in close proximity. This is to ensure reaction
between the oxos, rather than between an oxo and some other species in the reaction mixture,
which would represent unproductive side reactivity.
Our attention must then turn to binuclear scaffolds capable of holding two metal oxos in
appropriate position to react with one another. Inspiration for such a ligand can be found in a
large amount of literature precedent. Cofacial bis(porphyrins), first reported by Collman and
coworkers, have been shown to be effective in the electrocatalytic reduction of oxygen to
water. 43-4 6 What is notable about these studies is that for the elucidation of a multielectron
process, two metal centers were used, held in ligand fields that are spaced by an organic linker.
Depending on the flexibility of the linker, the distance between the metal centers can be
controlled to a greater or lesser extent; this distance can be important for the selectivity of the
reaction being performed.47
From the above discussion, it can be deduced that if we are interested in investigating the
RC mechanism for 0-0 bond formation, we should look for a ligand framework that is capable
of holding two transition metals in trigonal geometries at a predictable distance from one
another. Because the RC mechanism requires that the coupling oxygen atoms be spatially close
to one another, it would be best if the framework were capable of directing the metal-oxygen
vectors roughly toward each other; TREN presents itself as a moiety capable of holding the
transition metals in the desired geometry. Assembling the two transition metal-TREN motifs in a
cofacial pattern would ensure approximate colinearity of the desired metal-oxygen vectors; we
thus arrive at the generalized target molecule seen in Figure 1. This target has the transition
metal-TREN motifs linked by three organic spacers to ensure that the open coordination sites of
the metals face one another, which ought to direct the performance of small molecule chemistry
within the intermetallic cleft. Note that we have not yet assigned the specific identity of the N-
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Figure 2. Complexes of 12-crown-4, 15-crown-5, and 18-crown-6 with lithium, sodium, and potassium,
respectively
donors; for now, this general picture is sufficient, because it is clear that we are interested in
bimetallic cryptands, a class of molecules well-known in the literature. We shall arrive at the
identity of the N-donor, as well as the reasoning behind it, later in this chapter.
1.1.3 A brief history of cryptands
The history of cryptands can be traced back to C. J. Pedersen's work on crown ethers.4 8 These
macrocyclic ethers exhibit a large affinity for alkali cations, and are used as sequestration agents.
Crown ethers exhibit a pronounced selectivity for specific cations that is related to the size match
between the crown and the cation being sequestered. For example, 12-crown-4, 15-crown-5, and
18-crown-6 are excellent size matches for lithium, sodium, and potassium, respectively (Figure
2).49 Crown ethers generally require high dilution syntheses, though templating by a metal ion
can increase yields significantly.5 0
J.-M. Lehn, in 1969, published a seminal paper on the synthesis of the now-famous
crypt[2.2.2], marketed as Kryptofix@ 2.2.2. He termed this compound a "cryptand", from the
Greek "kruptos" meaning "hidden" for their ability to enclose an ion the way a crypt might
entomb a person. Cryptands were initially conceived as three-dimensional analogues of crown
ethers; indeed, they share several features: both are multitopic macrocyclic compounds that
feature several five-membered-ring-forming chelation sites, both require high-dilution synthesis,
and both were initially used as alkali cation sequestration reagents. That Lehn's brainchild was
three-dimensional is important, not only because the macrobicyclic structure of the molecule
allows for complete encapsulation of cations, but because this higher dimensionality manifiested
itself as a higher affinity for metals (crypt[2.2.2]'s affinity for K* is ca. 104 times greater than
that of 18-crown-6).49 Lehn went on to synthesize crypt[2.2.1] and crypt[2.1.1], selective for
sodium and lithium respectively, 52 as well as many other cryptands. Pedersen and Lehn won the
1987 Nobel Prize in Chemistry for their work, along with D. J. Cram for his work on related
spherands, for their synthesis and the demonstration of the utility of molecules exhibiting
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specificity based on their overall structure. 53
Seminal though Lehn's work was, cryptands would have to mature as a field for almost
two decades before they became viable binucleating ligands for transition metals. The first report
of such a bimetallic complex appears in 1988, when Nelson and coworkers made an important
discovery: treatment of three equiv of an aryl dialdehyde with two equiv of TREN in acetonitrile
afforded in good yield hexaimino cryptands, such as 1 (Figure 3).54 Most notable about this work
is that the synthesis does not require high-dilution conditions, in contrast to the syntheses of
crown ethers and early cryptands. The mechanism of this reaction is not known, though the
precipitation of the product cryptand from solution presumably drives a pre-equilibrium
condensation step toward constructive products. Cryptand 1 was subsequently used to
encapsulate two silver(I) ions, representing the first transition metal "cryptate", as metal
complexes of cryptands are known.55 Hexaimino cryptands have been since used to complex
copper and silver.s4,ss They have, however, been shown to be hydrolytically sensitive. 56 This is a
serious drawback for a ligand if oxygen-oxygen bond formation via water molecules is a process
that is to be studied. Borohydride reduction of imines is well-known, however, and as such,
hexaimino cryptands can be reduced to their octaaza counterparts." These reduced cryptands
display improved stability toward hydrolysis,56 and have been used as ligands for the
complexation of several transition metals.
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Support for the use of cryptands as ligands for the performance of small molecule
chemistry between two metal centers can be found in the literature. One example that is
particularly germane to this discussion comes from Martell and coworkers, who used a
dicobalt(II) cryptate to trap 02 in a 1:1 stoichiometry. 60 While the structure of the oxidized
complex has not been elucidated, it has been postulated that the cobalt centers in this compound
have been oxidized from the +2 state to the +3 state with concomitant formation of a bridging
peroxide ligand. While such a reaction is an example of oxygen-oxygen bond breaking rather
than making, it does represent the microscopic reverse of the process of interest here, and thus
represents important precedent. The use of a copper and zinc cryptates to catalyze the formation
of methylcarbonate anion from carbon dioxide and methanol has been reported.61 Nelson has
also reported a dicopper cryptate wherein one copper center features an aquo ligand and the other
features a hydroxo ligand. The two oxygenated ligands are directed toward one another with an
0-0 distance of 2.325(9) A.62 That cryptands can support two ligands directed at one another
also represents important precedent for this project.
1.1.4 Carboxamide-based cryptands
While ease of synthesis makes known cryptands attractive targets for the chemistry we wish to
perform, octaaza cryptands possess secondary amines, which are not particularly robust toward
oxidizing conditions, and in this chemistry, we anticipate accessing high-oxidation state metal
centers. The hydrolytic instability of hexaimino cryptands also presents problems. Moreover,
octaaza cryptands and their hexaimino precursors have been used exclusively as neutral ligands.t
Being able to access a negatively charged cryptand might allow for stabilization of high-valent
intermediates. In addition, should reactive oxygen moieties be attained, delivery of the oxygen
atom(s) to the ligand represents a degradation pathway to be avoided. As such, we would like to
employ cryptands as a general framework, but would prefer to avoid the use of the classical
imine and amine N-donors. A less oxidizable, but still anionic, N-donor would be of utility.
Carboxamides represent a class of just such an N-donor. Amides are well-known to be
oxidatively robust, and in addition, can be deprotonated and have been shown to be useful for the
stabilization of high-valent metal centers; for example the work of Collins and coworkers has
shown that macrocyclic tetraamido ligands can effectively stabilize manganese(V) 63 and
iron(IV)64 oxos. Ergo, a cryptand featuring six carboxamide moities is of interest in the context
of this work.
Such hexacarboxamide cryptands are known in the literature. Bowman-James and
coworkers have employed them to great success as anion sequestration reagents. 65 Bowman-
James's laboratory has exhibited the generality of this phenomenon by encapsulating both
halides 66 and oxoanions inside hexacarboxamide cryptands.67 Figure 4 reproduces a crystal
structure from the work of Bowman-James, showing a chloride anion bound inside a cryptand;
t It should be noted that there exist examples of phenol-spaced cryptands. These compounds can in fact act as
anionic ligands. However, in these compounds, the phenolic residue is the anionic donor; the N-donors remain
neutral.
Figure 4. Crystal structure from the laboratories of Bowman-James showing the use of carboxamide
cryptands to sequester chloride anion. Adapted from Reference 65. Key: black - carbon; red -
oxygen; blue - nitrogen; green - chlorine.
the chloride is ligated by five amide hydrogens and one ammonium hydrogen. The encapsulation
of anions with aza crypts is also known, but only when the cryptand's amines have been
protonated. 68 ~70 This type of "anion coordination chemistry" is an interesting and active field of
research.
But while these hexacarboxamide cryptands are useful for anion sequestration, they also
fulfill the requirements for ligands of interest to this work set out earlier in this section, i.e., they
possess six deprotonatable and oxidatively stable potential N-donors. Cryptands of this type,
however, have not been used for encapsulating metals. Related tetraamido monomacrocyclic
compounds from Bowman-James's lab have been used for metal coordination. These compounds
differ from those from Collins's lab primarily in size. The monomacrocycles employed by
Bowman-James are larger, and thus allow for the ligand to wrap around the metal center fully.
This work has so far been limited to octahedral complexes of iron(III) and cobalt(III), and square
planar complexes of nickel(II) and copper(II).F
The hexacarboxamide cryptands that have been reported in the literature unfortunately
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cannot take advantage of the facile synthesis of analogous hexaimino cryptands, presumably due
to the irreversibility of the amide bond formation. Thus, these compounds require high-dilution
syntheses. Bowman-James reports the high-dilution synthesis of a pyridyl-spaced
hexacarboxamide crypt that proceeds in 10% yield after column chromatography. 7 ' The synthetic
scheme, outlined in Scheme 4, starts from the commercially available 2,6-pyridine
dicarbonylchloride and TREN. Compounds of this type suffer from poor solubility; in addition,
the presence of a pyridyl moiety introduces a donor that could in theory compete with the apical
amines from the TREN motif. This competition is seen in the macromonocyclic compounds
mentioned above, where the pyridyl ring preferentially coordinates to the metal centers instead of
the tertiary amine from the DIEN-like (DIEN = diethylenetriamine) backbone. 67
As a result of the factors enumerated in this section, we set out to synthesize and metalate
a hexacarboxamide cryptand featuring a tertiary butyl substituent at the 5-position of three arene
spacers lacking heteroatoms. It was hoped that the t-butyl substitutuent would provide some
modicum of solubility; this strategy met with mixed results. Reported here are different synthetic
approaches to the synthesis of the desired ligand, as well as metalation procedures that were
employed to insert manganese(II) and cobalt(II) into the crypt. The crystal structures of these
metalated species are also reported here, as well as some of the problems that were encountered
along the way that eventually led to our use to a polyether-substituted cryptand.
1.2 - Synthesis of a t-butyl-substituted hexacarboxamide cryptand
Our initial foray into the synthesis of hexacarboxamide cryptands began with a synthesis based
on Bowman-James's synthesis of the pyridyl-spaced cryptand described above (Scheme 5).
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Treatment of 3 equiv of 5-tert-butyl isophthaloyl dichloride with 2 equiv of TREN under high-
dilution conditions, however, afforded intractable mixtures from which no product could be
isolated. Due to the large nature of these macrobicyclic compounds (each macrocycle is a 24-
membered ring), it is postulated that the main byproduct of reactions of this type is polymeric in
nature; this is the reason high-dilution syntheses are required. Because six bond-forming events
are required to form the cryptand under these conditions, it was suggested that perhaps pre-
forming one side of the cryptand as a large tripod and capping with 1 equiv of TREN would
allow for the isolation of product, given that the number of bond forming processes would be
reduced from six to three. As such, we formulated the synthesis outlined in Scheme 6, Route A
for the synthesis of the desired ligand. The first step, selective monosaponification of the 5-tert-
butyl dimethylisophthalate, is critical, as it allows for asymmetry to be introduced to the ligand
synthesis. The compound obtained by this procedure, 5-tert-butylisophthalic acid
monomethylester, is a known compound, but was prepared previously by monoesterification of
5-tert-butylisophthalic acid, which requires chromatography to purify. The monosaponification
of the dimethyl ester obviates the need for this purification technique; the desired product can be
crystallized from chloroform. The spectroscopic data for the material obtained by our method
matches reported data. Activation of the carboxylic acid residue is achieved by treatment with
thionyl chloride, and subsequent treatment with 0.33 equiv of TREN in the presence of a base
allows for the isolation of tripod 2. Saponification of 2 yields the tripodal tricarboxylic acid
hydrochloride 3 after acidic workup. Initially, the synthesis was to proceed from 3 by treatment
with thionyl chloride to yield the corresponding tricarbonyl chloride, which could then be treated
with 1 equiv of TREN to yield the desired product. However, during the course of the synthesis,
it became apparent that the three amide residues present in 3 were not innocent in the presence of
thionyl chloride. Disappearance of the resonance in the 'H NMR spectrum attributable to the N-
H bond was a hint that dehydration of the amide residues was taking place, as was the
appearance of a C=N oscillator in the infrared spectrum at 1670 cm'; indeed, there is precedent
for thionyl chloride being used to transform secondary amides into imidoyl chlorides.73 We thus
formulate the product of this reaction as the tris(imidoyl chloride) 4.
As a result of this side reaction, a slightly modified synthetic scheme was devised,
wherein the carboxylic acid functionalities of 3 were activated via carbodiimide coupling
(Scheme 6, Route B). Treatment of 3 with a slight excess of EDAC (EDAC = N-(3-
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dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride) and NHS (NHS = N-
hydroxysuccinimide) resulted in the tri(succinimido ester) 5. This compound maintains the
integrity of the three amide residues while simultaneously successfully activating the three
carboxylic acid functionalities. Accordingly, treatment of 5 with 1 equiv of TREN under high-
dilution conditions indeed yields the desired ligand, 6-H6.
Certain observations made of the last step of Scheme 6, Route B, as well as some of the
properties of 6-H6, are worth mentioning. During the course of the reaction to form 6-H 6 , which
is conducted in methylene chloride, the crude product precipitates from solution. This is
obviously convenient, as after removal of the majority of the solvent via rotary evaporation, the
crude product can be filtered off. By 'H NMR, this product appears to be clean. However, thin
layer chromatography indicates that the product is contaminated with a highly polar impurity. It
was later discovered that this impurity can be removed by running a solution of the crude product
in 15% methanol in methylene chloride down a column of basic alumina. Large amounts of
solvent are required for this process, as the ligand still does not display good solubility, despite
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the presence of the t-butyl group. However, after the alumina column, a bright white powder is
isolated after removal of solvent. This material appears to be clean by 1H and 'C NMR and
TLC. The material does not, however, pass elemental analysis. Experimental values for carbon
are consistently low.
While the above approach allowed access to the ligand of interest, it represents a rather
inefficient method to make a highly symmetric ligand, though such a methodology could in
theory be employed in the synthesis of less symmetric cryptands by capping the activated tripod
with some triamine other than TREN. In reviewing what we had learned about the synthesis of
these hexacarboxamide cryptands, it seemed that an approach that combined our knowledge of
the utility of succinimido esters in cryptand synthesis with Bowman-James's more symmetric
approach might allow for a more efficient ligand synthesis. Accordingly, treatment of 5-t-butyl
isophthalic acid with an excess of EDAC and NHS results in clean conversion to the
disuccinimido ester 7. Treatment of 3 equiv of 7 with 2 equiv of TREN under high-dilution
conditions and purification as described above yielded the desired ligand 6-H 6 ; Scheme 7
outlines this synthesis. As before, spectroscopic and TLC analysis suggests a pure compound,
but elemental analysis does not. Despite the poor elemental analysis results, the main feature in
an ESI-MS (ESI-MS = electrospray ionization mass spectrometry) analysis of 6-H 6 run in
negative ion mode has the appropriate weight and isotopic distribution for 6-H6 Cl~. We are still
unsure as to the origin of the chloride anion; that 6-H 6 scavenges a chloride ion from an
unknown source is in analogy to the work of Bowman-James and may speak to the strong
proclivity of hexacarboxamide cryptands to coordinate anions.
1.3 - Synthesis of bimetallic complexes of a t-butyl-substituted
cryptand
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1.3.1 A dimanganese(II) p-hydroxo complex of a t-butyl-substituted cryptand
With ligand 6-H6 in hand, attention turned to the metalation chemistry of the cryptand. Our first
forays into this chemistry took inspiration from the work of Borovik and coworkers. Borovik's
urea-modified TREN ligand is metalated by deprotonation with potassium hydride and
subsequent introduction of metal(II) acetate salts.74 This procedure takes advantage of the
extreme insolubility of the byproduct of this reaction, potassium acetate, in organic media.
Borovik's syntheses generally take place in DMA (DMA = NN-dimethylacetamide), which was
appropriate to the work here, as 6-H6 is soluble only in exceedingly polar solvents such as DMA,
DMF (DMF = NN-dimethylformamide), and DMSO (DMSO = dimethylsulfoxide).
As such, treatment of 6-H 6 with 6 equiv of KH in DMA solution leads to a yellowing of
the reaction mixture. The reaction mixture is stirred for an hour, during which time hydrogen
evolution ceases. To this reaction mixture is then added 2 equiv of manganese(II) acetate. The
reaction mixture is allowed to stir for two hours, and during this time the manganese salt slowly
goes into solution and the potassium acetate precipitates (Scheme 8). The reaction mixture is
then filtered, and the product can be precipitated by addition of ether to the filtrate. The product
of the reaction is an white powder that makes yellow-pink, NMR-silent solutions in DMA. This
material does not pass elemental analysis when formulated as a dimanganese cryptate; the results
the analysis are consistently low in carbon by a significant amount (5 points or more).
Despite the seeming impurity of this material, crystals suitable for X-ray diffraction
studies were grown by vapor diffusion of toluene into a DMA solution. The crystal used in this
study was isolated from a large amount of non-crystalline material; this, combined with the poor
elemental results mentioned above, may suggest that the crystal structure obtained in this study is
not representative of the bulk material. That caveat aside, however, the structure obtained in this
study is quite interesting. The anionic portion of the dimanganese compound 6-K 3Mn2-OH is
shown in Figure 5A. What is immediately apparent is the fact that this is indeed a bimetallic
complex of a hexaanionic cryptand, the first of its kind. Closer inspection reveals some
interesting gross structural aspects of the compound. Most notable is the presence of a bridging
atom between the manganese centers. We assign this intermetallic ligand as a bridging hydroxo
ligand. This assignment is reasonable considering the following: first, DMA, being a highly polar
solvent, is difficult to dry. That adventitious water would be present and a potential source of the
unexpected hydroxide comes as no surprise, then. Second, charge balance in the crystal suggests
that the bridging ligand is a hydroxide, rather than a molecule of water or a bridging oxide. Three
potassium ions in the lattice balance the charge of the anion. Assuming the oxidation state of the
manganese has not changed, this allows for dianionic ligand-manganese structure; thus, a
monoanionic hydroxide balances the charge. Lastly, the electron density associated with the
hydrogen from the hydroxide can in fact be found in the electron difference map during
refinement of the structure; introduction of this hydrogen atom improves the crystallographic
model. No 0-H stretch could be found in the infrared spectrum; however, a single O-H
oscillator in such a large molecule might be difficult to observe, especially if the structure is
indeed not representative of the bulk material.
The origin of the hydroxide ligand might be fairly obvious, but the mechanism by which
it came to reside in the intermetallic space is worth discussing. There are several conceivable
mechanisms: insertion of the two manganese centers followed by insertion of the hydroxide;
insertion of one manganese center, then the hydroxide, then the second manganese center;
insertion the dimanganese pt-hydroxide core as a single unit, to name a few. It is not clear by
which mechanism this material is made, or even if just one mechanism is operant. It is hoped that
this issue can be addressed in the future, using methodologies that have recently been discovered
(see Appendix).
A major consequence of the presence of the bridging hydroxide ligand is the geometry of
the manganese centers. The hydroxide pulls the manganese centers from their TREN pockets,
away from the apical nitrogen atoms. As a result, the manganese centers are more tetrahedral in
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Figure 5: Solid state structures of the anions of 6-K3Mn2-OH (A) and 6-Li2Co2 (B). Solvents of crystallization,
potassium counterions, and hydrogen atoms omitted for clarity.
oc
nature than the trigonal monopyramidal geometry that was expected. Indeed, the sum of the Neq-
Mn-Neq angles is 335.06' (avg), closer to the 328.50 expected for a perfect tetrahedron than the
360' expected for a trigonal monopyramid. The hydroxide ligand itself is nearly linear (Mnl-
O1H-Mn2 = 163.48(15)'), and as a consequence of pulling the manganese centers out of the
TREN pockets, the Mnl-Mn2 distance is 4.0579(13) A, while the Mnl-O1H and Mn2-01H
distances are both 2.050(3) A. This crystal structure was of great interest to us, not only because
it was the first example of cryptands being used as anionic N-donors, but also because it showed
that the intermetallic space could indeed be accessed by oxygen-based ligands, regardless of the
mechanism by which this particular compound arose. In our pursuit to synthesize a compound
possessing trigonal monopyramidal metal centers and no intermetallic bridging ligands, we tried
to metalate using several organometallic reagents, including Li(THF) 4MnMes 375
bis(neophyl)manganese(II) 76, V(THF)Mes, 77~78 and Li(THF) 4Mn[N(SiMe 3)2] 379, but did not
meet with success. Metalation with other metal salts, such as chromium trichloride also gave
intractable products. We did, however, encounter an organometallic of another transition metal
that bore interesting results.
1.3.2 A dicobalt(II) complex of a t-butyl-substituted cryptandt
Given that the bridging hydroxide ligand in 6-K 3Mn 2-OH arises from adventitious water in the
DMA solvent, it seemed likely that a metalation procedure employing a solvent that could be
obtained in more rigorously dry form was desirable. Thus, an undergraduate in our laboratories,
Ross Fu, was tasked with metalating 6-H6 in THF (THF = tetrahydrofuran), since it can be
reliably freed of water. Due to the insolubility of 6-H6 in THF, this metalation route was
necessarily heterogeneous. As such, a single reagent capable of simultaneously deprotonating
and metalating the ligand was sought; such a reagent was found in Theopold's Li(THF) 4CoMes 3
(Mes = 2,4,6-trimethylphenyl).
Scheme 9 outlines the synthesis proposed for the metalation of 6-H6 with
Li(THF) 4CoMes3. Treatment of a thawing THF slurry of the ligand with a thawing THF solution
of the organometallic reagent, followed by overnight stirring and warming to glovebox
temperatures afforded a blue suspension. After filtration and drying in vacuo, a light blue powder
was isolated. Analysis of the filtrate by 1H NMR indicated that 6 equiv of mesitylene were
i Synthetic work in Section 1.3.2 was originally performed by Ross Fu, MIT Class of 2007; structural
characterization was performed by the author of this dissertation.
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formed. This compound, tentatively formulated as Li2(THF)Co2Lt-uBU (6-Co 2), was originally
thought to be NMR-silent, though more recent studies suggest that this may not be true (see
Appendix). The compound as isolated, like 6-K 3Mn2-OH, does not pass elemental analysis.
Crystals of 6-Li 2Co2 suitable for X-ray diffraction studies were isolated from surrounding
non-crystalline material; as with 6-K 3Mn 2-OH, this, combined with poor elemental analysis
results, suggests that the crystal structure obtained in the diffraction study may not be
representative of the bulk sample. However, the solid state structure of 6-Li2Co 2 is still quite
interesting; the anionic portion of the structure is seen in Figure 4B. The most notable feature of
the structure is that, as with the structure of 6-K 3Mn2-OH, we see two metal centers inserted into
the ligand, which is in a hexaanionic state. However, in contrast to 6-K 3Mn 2-OH, the structure
of 6-Li2Co 2 displays no intermetallic bridging ligand. As a result, the metal centers are relaxed
into their respective TREN binding pockets, and are coordinated in the desired trigonal
monopyramidal geometry (X(Neq-Co-Neq) = 356.90' (avg); cf. E(Neq-Mn-Nq) = 335.06' (avg)
from 6-K 3Mn 2-OH above). As a result of this, the Co-Co distance (6.0731 A (avg)) is
significantly larger than the Mn-Mn distance in 6-K 3Mn2-OH (4.0579(13) A). No electron
density could be observed between the two metal centers, ruling out the possibility of the cobalt
centers possessing two apical ligands. This represents the first compound wherein a cryptand is
used as a hexaanionic N-donor and the metal centers are coordinated in trigonal monopyramidal
geometries.
1.4 - Conclusions and future directions
Reported here were the initial forays into the use of hexacarboxamide cryptands as anionic N-
donor binucleating ligands. The ligand of choice was a t-butyl-substituted cryptand; while we
were successful in isolating 6-H 6, the desired ligand, it was consistently of questionable purity.
Forging ahead, however, we were able to investigate the metalation chemistry of the ligand.
Deprotonation and subsequent metalation with manganese(II) acetate in DMA led to a
dimanganese p-hydroxo complex; the bridging hydroxide most likely originates from
adventitious water in the DMA solvent. Also synthesized was an unbridged dicobalt(II) complex
of the same ligand using an anhydrous solvent and an organometallic metal source. While crystal
structures of these compounds were obtained, the crystals were isolated from surrounding non-
crystalline material, and acceptable elemental analyses were never obtained. This may speak to
the structures obtained from crystallographic studies being unrepresentative of the bulk material.
Despite what may appear as a discouraging start, we were heartened that compounds of
this type could indeed be made and crystallized. What remained was to modify the ligand system
suitably and seek out an appropriate metalation procedure to obtain compounds of this kind that
were of sufficient purity. This is the subject of Chapter 2. As for the future of this particular
system, interesting chemistry may still be possible, as the Appendix indicates. What appears
necessary is a better method of purification for the ligand, as well as a more reliable metalation
procedure.
1.5 - Experimental Section
1.5.1 General synthetic considerations
All manipulations were performed either using Schlenk techniques or in a nitrogen-atmosphere
glovebox. All reagents were purchased from Aldrich. NN-dimethylacetamide was stored over
two batches of dried 4 A molecular sieves prior to use. Solvents (EMD Chemicals Inc.) were
either used as received or purified on a Glass Contour Solvent Purification System built by SG
Water USA, LLC. NMR solvents were obtained from Cambridge Isotope Laboratories, Inc., and
'H and "C{ 1H} NMR spectra were obtained on a Varian 300 MHz spectrometer or a Bruker 400
MHz spectrometer and are referenced to residual protio-solvent signals. Mass spectrometric
analyses were performed on a Bruker Daltonics APEXIV 4.7 Tesla Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer. Elemental analyses were performed by Midwest
Microlabs, LLC. Elemental analyses were performed by Midwest Microlabs, LLC.
1.5.2 5-t-butylisophthalic acid monomethyl ester.
10.62 g (42.3 mmol, 1 equiv) of dimethyl 5-t-butylisophthalate was slurried in 90 mL of DMSO
and 30 mL of methanol. This slurry was heated to 100 'C in a 500 mL roundbottom flask; at the
elevated temperature, all of the material dissolved. To this stirring solution was added dropwise
2.50 g (44.4 mmol, 1.05 equiv) of potassium hydroxide dissolved in 40 mL of methanol. This
reaction mixture was allowed to stir at 100 *C for one hour, and was then allowed to cool to
room temperature. The reaction mixture was poured into 20 mL of water and extracted with 3 x
100 mL of ether. The ether layers were discarded, and the aqueous layer was acidified to pH 1. A
white precipitate was observed, and this precipitate was extracted with 3 x 100 mL of ether. The
organic layers were collected, dried over sodium sulfate, filtered and taken to dryness via rotary
evaporation. The white solid so obtained was dissolved in chloroform, filtered, and stored at -35
'C overnight, which resulted in the precipitation of a white powder. Yield: 4.92 g (49%) (3
crops). 1H NMR (300 MHz, CDCl 3, 6): 8.86 (t, 1 H), 8.33 (in, 2 H), 3.98 (s, 3 H), 1.41 (s, 9 H).
13 C{1H} NMR (75 MHz, CDCl 3, 6): 170.98, 166.87, 152.49, 131.86, 131.63, 130.67, 130.03,
128.86, 52.63, 35.24, 31.39. Anal. Calc'd (found) for C13H160 4: C, 66.09 (66.15); H, 6.83 (6.91).
1.5.3 Tripodal trimethyl ester (2).
In a 100 mL roundbottom flask, 3.88 g (16.4 mmol, 1 eqiuv) of 5-t-butyl isophthalic acid
monomethyl ester was suspended in 50 mL of thionyl chloride. To this suspension was added 10
drops of DMF, and the flask was fitted with a reflux condenser and placed under a nitrogen
atmosphere. The reaction mixture was refluxed for 1 h, during which time it became
homogeneous. The reaction was allowed to cool to room temperature, and the thionyl chloride
was removed in vacuo. The white solid was triturated with 20 mL of benzene. The solid was then
dissolved in 25 mL of THF and chilled to 0 'C. To this stirring solution was added 0.79 g (5.40
mmol, 0.33 equiv) of TREN and 11.5 mL (82.5 mmol, 5 equiv) of triethylamine dissolved in 20
mL of THF dropwise. The reaction mixture was then allowed to warm to room temperature with
stirring over 40 h. The reaction mixture was filtered and the filtrate was taken to dryness via
rotary evaporation. The tan foam so obtained was of sufficient purity to use directly in the next
step. Yield: 4.56 g. 'H NMR (300 MHz, CDCl3 , 6): 8.16 (t, 3 H), 8.07 (t, 3 H), 8.02 (t, 3 H), 7.42
(br t, 3 H), 3.83 (s, 9 H), 3.60 (br m, 6 H), 2.85 (br t, 6 H), 1.26 (s, 27 H). 13C{1H} NMR (75
MHz, CD 30D, 6): 166.59, 165.71, 151.17, 133.40, 129.07, 128.53, 128.02, 124.33, 54.98, 51.31,
38.26, 34.03, 30.19.
1.5.4 Tripodal tris(benzoic acid) hydrochloride (3).
In a 500 mL roundbottom flask, 4.56 g (5.69 mmol, 1 equiv) of 2 was dissolved in 200 mL of a
4:1 methanol:water mixture. To this stirring solution was added 3.89 g (69.3 mmol, 12 equiv) of
KOH. The reaction mixture was refluxed for two hours and then cooled to room temperature.
The methanol was removed from the reaction mixture via rotary evaporation, and the reaction
mixture was acidified to pH 1. An off-white precipitate was observed. This precipitate was
extracted using 3 x 250 mL of ethyl acetate. The organic layers were combined and dried over
sodium sulfate. This solution was filtered and taken to dryness. The solid so obtained was then
crystallized from a boiling methanol/water mixture. Yield: 1.33 g (31%). 'H NMR (300 MHz,
DMSO-d6 , 6): 8.90 (br s, 3 H), 8.27 (s, 3 H), 8.18 (s, 3 H), 8.12 (s 3 H), 3.58 (v br, 6 H), 2.50 (v
br, 12 H), 1.30 (s, 27 H). 3 C{'H} NMR (75 MHz, DMSO-d, 6): 167.95, 166.68, 151.38,
134.27, 130.43, 128.58, 128.50, 125.71, 34.69, 30.95 (Two resonances broadened into baseline).
Anal. Calc'd (found) for C4 2H5 5N40 9Cl: C, 63.42 (63.70); H, 6.97 (7.05); N, 7.04 (6.93).
1.5.5 Tripodal tris(imidoyl chloride) (4).
Into a tared flask was weighed 0.96 g (1.21 mmol) of finely ground 3. To the flask was added 10
mL of thionyl chloride and 0.5 mL of DMF under nitrogen. The resulting suspension was stirred
at room temperature for 30 minutes, during which time the reaction mixture homogenized to an
orange solution. The reaction mixture was then refluxed for one hour. It was then allowed to cool
to room temperature for one hour, after which time the excess thionyl chloride was removed in
vacuo. The resultant foam was ground up and extracted with warm ethyl acetate to yield 0.73 g
(67 %) of a white powder formulated to be the imidoyl chloride. 'H NMR (300 MHz, CDCl3, 6):
13.48 (br s, 1 H), 8.47 (t, 3 H), 8.31 (t, 3 H), 8.21 (t, 3 H), 4.45 (br t, 6H), 3.87 (br t, 3 H), 1.36
(s, 27H). vC=N: 1670 cm-.
1.5.6 Tripodal tris(succinimido ester) (5).
Into a 20 mL scintillation vial was weighed 1.33 g (1.67 mmol, 1 equiv) of 3. 1.05 g (5.48 mmol,
3.3 equiv) of EDAC and 0.66 g (5.73 mmol, 4.3 equiv) of NHS were added to the vial as solids.
To this mixture was added 10 mL of methylene chloride, and the reaction mixture was stirred for
3 h, during which time it became homogeneous. After the allotted amount of time, the reaction
mixture was washed with 10 mL of saturated sodium bicarbonate solution. The aqueous layer
was washed with 3 x 10 mL of methylene chloride. The organic fractions were combined and
dried over sodium sulfate, filtered, and taken to dryness in vacuo. Yield: 1.82 g; this material was
of sufficient purity to be used directly in the next step. 'H NMR (300 MHz, CDCl 3, 6): 8.31 (s, 3
H), 8.15 (s, 3 H), 8.13 (s, 3 H), 3.46 (br m, 6 H), 2.84 (br s, 12 H), 2.71 (br t, 6 H), 1.24 (s, 27 H).
13C {1H} NMR (75 MHz, CDCl 3, 6): 169.66, 166.78, 161.78, 152.93, 135.05, 131.34, 130.26,
126.34, 125.08, 55.36, 39.14, 35.18, 31.09, 25.87.
1.5.7 Hexacarboxamide cryptand ligand (6-H,), tripod capping route.
A solution of 1.39 g (1.32 mmol, 1 equiv) of 5 in 95 mL of methylene chloride was made, as was
a 95 mL methylene chloride solution containing 0.194 g (1.33 mmol, 1 equiv) of TREN. The two
solutions were added simultaneously to 1.1 L of stirring methylene chloride over a 24 h period.
After the addition was complete, the reaction was allowed to stir for an additional 16 h. The
reaction mixture was concentrated and filtered to yield 149 mg (0.175 mmol, 13%) of the desired
product. 1H NMR (300 MHz, CD 30D, 6): 8.61 (br, 9 H), 8.14 (s, 6 H), 3.40 (br, 12 H), 2.74 (br,
12 H), 1.39 (s, 27 H). 13C{H} NMR (75 MHz, CD 30D, 6): 169.08, 153.23, 135.07, 129.23,
124.43, 59.64, 41.11, 36.08, 31.62.
1.5.8 Bis(2,5-dioxopyrrolidin-1-yl) 5-t-butylisophthalate (7).
A round bottom flask was charged with 1.18 g (5.31 mmol, 1 equiv) of 5-t- butyl-isophthalic
acid, 1.86 g (16.2 mmol, 3 equiv) of N- hydroxysuccinimide, and 3.05 g (15.9 mmol, 3 equiv) of
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDAC). To the mixture of
solids was added 25 mL of methylene chloride and the reaction mixture was allowed to stir at
room temperature for 2 hours, over which time the reaction mixture became homogeneous. The
resultant colorless solution was washed with 2.5 % aqueous sodium bisulfate and subsequently
brine and dried over sodium sulfate. Upon filtration and removal of solvent by rotary
evaporation, 1.73 g (78 %) of a white solid was obtained. This solid was determined to be of
sufficient purity to carry out the next step in the synthesis. 'H NMR (400 MHz, CDCl 3, 6): 8.74
(t, 1H); 8.43 (d, 2H); 2.94 (br s, 8H); 1.40 (s, 9H). 13 C{'H} NMR (100 MHz, CDCl 3, 6): 168.7,
160.7, 153.3, 133.2, 129.3, 125.6, 34.9, 30.7, 25.3. Mass Spectrum m/z (%): 439.11 (100) [M +
Na*].
1.5.9 Hexacarboxamide cryptand ligand (6-H 6), convergent route.
Bis(2,5-dioxopyrrolidin-1-yl) 5-t-butylisophthalate (8.34 g, 20.0 mmol, 3 eq.) was dissolved in
950 mL of methylene chloride, and the solution was brought to reflux. To this solution, a 50 mL
solution of tris(2-aminoethyl)amine (2.10 g, 14.4 mmol, 2.1 eq.) in methylene chloride was
added over the course of 80 h. The reaction mixture was then concentrated to 50 mL and
filtered. The resultant solid was subjected to column chromatography (alumina, 15%
MeOH/CH 2Cl2). This resulted in 1.51 g (26.6 %) of bright white powder. 'H NMR (400 MHz,
CD 30D, 6): 8.61 (s, 3H); 8.14 (s, 6H); 3.52 (br, 12H); 2.74 (br, 12H); 1.39 (s, 27H). 13 C NMR
(100 MHz, CD 30D, 6): 169.1, 153.2, 135.1, 129.2, 124.4, 59.6, 41.1, 36.1, 31.6. Mass Spectrum
m/z, positive mode: 426.26 [(M + 2H*)/2]; 851.52 [M + H*]; negative mode: 884.49 [M + Cl~].
1.5.10 Dimanganese pt-hydroxo complex C75H119 .17N 14 016 13 .16K3 Mn2 (6-K3Mn2-OH).
To a 15 mL DMA solution of 303 mg (0.356 mmol, 1 eq.) of 6-H6 was added 86 mg (2.1 mmol,
6 equiv) of potassium hydride. The solution was allowed to stir until effervescence was complete
(ca. 1 h) To this pale yellow solution was added 123 mg (0.709 mmol, 2 equiv) of
manganese(II) acetate. The reaction mixture was allowed to stir for 2 h. The mixture was then
filtered through Celite, and ether was added to precipitate a white solid. This solid was collected
by filtration and washed with copious amounts of fresh ether and dried under vacuum. The white
solid thus obtained comprised 397 mg. Crystals of sufficient quality for X-ray diffraction studies
were obtained via vapor diffusion of toluene into a DMA solution of the solid.
1.5.11 Dicobalt complex C67.50H1 0oCo2N12 01Li2Co2 (6-Li 2Co 2).
6-H 6 (300 mg, 0.35 mmol) was suspended in THF (10 mL), stirred at room temperature for 1 h,
and then frozen in a cold well cooled by liquid nitrogen. A thawing solution of Li(THF) 4CoMes3
(600 mg, 0.84 mmol) in THF (10 mL) was added under vigorous stirring. After the addition was
complete, the resulting suspension was stirred overnight, changing from an olive-green to a dark
blue color. The solvent was filtered off, leaving a teal-colored residue and a light green filtrate.
The residue was suspended in THF (10 mL) and stirred for an additional 2 h. The solvent was
removed by filtration and the product was dried under vacuum. Crystals of sufficient quality for
X-ray diffraction studies were obtained via vapor diffusion of toluene into a DMA solution of the
solid. Yield: 321 mg, 0.33 mmol, 94%. Mass spectrum m/z: 481.16 ([Co 2L]2-).
1.6 - Crystallographic details.
Low-temperature diffraction data were collected on a three-circle diffractometer coupled to a
Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo Ka radiation (A =
0.71073 A) for the structures, performing p-and o-scans. The structures were solved by direct
methods using SHELXS and refined against F2 on all data by full-matrix least squares with
SHELXL-97 81 using established methods.82  All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included into the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups). Disorders were refined in SHELXL using rigid bond restraints as well and
similarity restraints on the anisotropic displacement parameters for neighboring atoms, and on
1,2- and 1,3-distances in disordered components. Occupacies of disordered components were
restricted to adding to unity and allowed to refine freely. Thermal ellipsoid plots were generated
using PLATON. 83 A summary of the crystallographic details for the structures of 6-K 3Mn2-OH
and 6-Li2Co2 can be found in Table 1.
Table 1 Crystallographic data for complexes 6-K 3Mn 2-OH and 6-Li2 Co2
6-K 3Mn 2OH
Formula
FW
Crystal System
Space Group
a, A
b, k
c, A
a, deg
p, deg
,y, deg
V, A3
radiation, A
D (calc'd), g/cm 3
p (Mo Ka), mm~
temp, K
no. reflections
no. ind. ref. (Rint)
F(O0O)
GoF (F2)
R(F), %a
wR(F), %a
C75H119.17N14.160 13.16K3Mn2
1657.14
Triclinic
P-1
13.007(3)
16.465(3)
22.336(5)
72.60(3)
76.83(3)
70.65(3)
4262.4(15)
2
0.71073 (Mo Ka)
1.291
0.508
100(2)
74441
16782 (0.0549)
1761
1.031
6.18
16.26
6-Li2Co2
a Quantity minimixed = wR(F) = y[w(F0z - F 2)2/E(wF02 )2 ] 2 ; R = A/YFo), A
2/[(y2() A Io + bI W
1/[2(F2)+ (aP)2 + bP]; P = [2Fe2 + Max(F0 ,0)]/3.
C67 5oHioCo2N1 20 1oLi2Co 2
1371.33
Monoclinic
Cc
14.440(4)
25.522(7)
38.162(11)
90
90.158(5)
90
14064(7)
8
0.71073 (Mo Ka)
1.295
0.536
100(2)
76210
19721 (0.0451)
5832
1.023
3.04
6.42
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2.1 - Introduction
The work presented in Chapter 1 proved to us that it was indeed possible to metalate
hexacarboxamide cryptands, but problems arose in the form of impure compounds that did not
pass elemental analysis, were difficult to crystallize, and displayed poor solubility. While it is
difficult to design a system that will simply be more pure, the design of a system that displays
better solubility is relatively straightforward, and it was hoped that solving the solubility issue
might also aid in the solving of the purity and crystallinity problems. Chapter 2 describes the
design and synthesis of such a ligand, featuring solubilizing dipropoxyphenoxyl substituents in
place of the t-butyl groups on the phenylene spacers; this cryptand has been structurally
characterized, and the structure and hydrogen bonding network are described here. Further, this
chapter describes the successful synthesis and characterization of the dicobalt(II) complex of this
solubilized ligand. This compound, 10-K 2Co 2, featuring two metal centers in trigonal
monopyramidal geometries, is the first of its type to be fully characterized and reported: a
bimetallic complex of a hexaanionic cryptand. An X-ray structure was obtained, and a
comparison between this complex and 6-Li 2 Co 2, reported in Chapter 1, is made here, as is a
description of the extended structure of 10-K 2Co2 . Also reported is the synthesis and structure of
10-(K-crown) 2Co 2, wherein the potassium countercations have been sequestered by 18-crown-6,
interrupting the extended structure. This structure also features water molecules bound to
potassium ions, rather than completing the coordination sphere of the cobalt centers as might be
expected. Section 2.3 describes the synthesis of an inclusion complex of this dicobalt complex,
the bridging cyanide. Also discussed are potential reasons for the curious lack of reactivity
shown by the solubilized dicobalt complex.
2.2 - A highly soluble hexacarboxamide cryptand
2.2.1 Design and Synthesis
After significant debate as to why isolation and characterization of pure materials featuring
ligand 66~ were difficult to obtain, it was decided that pursuing a more soluble ligand was
necessary. A more soluble ligand might allow for more straightforward synthesis and
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characterization of transition metal complexes, despite potentially more difficult organic
syntheses. Polyether groups are capable of imparting solubility to molecules, though we wished
to avoid substituents like PEGs (PEG = poly(ethylene glycol)) or long chain alkyl groups such as
hexyl, as the presence of such groups would most likely negatively impact the crystallinity of the
desired products.
The target ligand for this work was therefore designed to include a dipropoxyphenoxyl
substituent in place of the t-butyl substituent on the phenylene spacer. It was hoped that this
substituent would impart a greater degree of solubility on the cryptand without sacrificing too
much in the way of crystallinity. A retrosynthetic analysis of the desired ligand suggested that
installation of the polyether moiety should start from 3,5-dipropoxyphenol. This is a
commercially available compound; unfortunately, it is expensive and sold only in small
quantities. This means it is undesirable to purchase this compound, as the final high-dilution step
in the synthesis of a hexacarboxamide cryptand necessitates that large quantities of the phenol
will be lost to polymeric byproducts. As a result, a high-yielding, large-scale synthesis of this
phenol was sought.
There are two potential ways to synthesize 3,5-dipropoxyphenol. Dialkoxyphenols can be
generally synthesized by tritosylation of 1,3,5-trihydroxybenzene, followed by selective cleavage
of two of the sulfonate ester residues followed by alkylation, and finally cleavage of the third
sulfonate ester to reveal the desired phenol (Scheme 1).1 This method, while general, does have
the disadvantage of being multistep, and the large amount of salts formed in the tritosylation of
the trihydroxybenzene make the desired phenol difficult to make on a large scale. However,
another, simpler synthesis exists.2-3 Reflux of 1,3,5-trihydroxybenzene with an excess of n-
propanol and catalytic perchloric acid in benzene yields a dark red oil from which the colorless
phenol can be distilled. This reaction is capable of yielding large amounts (> 50g) of the desired
Scheme 2
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phenol in one step (Scheme 2). It is reported that certain other phenols can also be made in this
manner, but the yields are highly variable. 2 The mechanism of this reaction is proposed to
proceed through the ketal of the keto tautomer of 1,3,5-trihydroxybenzene,3 which may help
explain why the reaction proceeds to the dialkoxyphenol but not beyond, to the trialkoxy
analogue.
With a useful synthetic procedure for the phenol in hand, we outlined a synthesis for the
desired ligand (Scheme 3). The synthesis starts from commercially available
dimethylisophthalate. This is an attractive starting material due to its low cost and high
availability. Selective iodination at the 5-position is achieved most economically using elemental
iodine and sodium periodate in neat sulfuric acid.4 This generates an iodonium source capable of
activating the arene ring. Iodination is also possible using NIS (NIS = N-iodosuccinimide) in
neat sulfuric acid; 5~7 however, NIS is again an expensive compound sold in small quantities.
Unfortunately, its synthesis is not straightforward, and the preparation requires the use of
expensive silver salts.8 Using I2 and NaIO 4 is an excellent alternative, and, after workup, affords
bright white crystalline dimethyl 5-iodoisophthalate (8) in good yield. Dimethyl 5-
iodoisophthalate is a known compound, 9~11 and our spectroscopic characterization matches
reported data. This does, however, mark the first time that this compound has been made by this
method; the molecule has been synthesized previously by diazotization of dimethyl 5-
aminoisophthalate and subsequent quenching of the diazonium salt with an iodide source.9-11
The installation of the phenol is the first critical step in this synthesis. Despite many years
of research, dating back to 1905 and the Ullmann ether synthesis,1 2 the synthesis of diphenyl
ethers remains something of a challenge for organic chemistry. 1 5 One intriguing method
involves the coupling of phenols with boronic acids. Indeed, using methodologies set out by
Knochel and coworkers,16 8 can be converted to the analogous boronic acid without substantial
decomposition due to attack of the isopropyl Grignard reagent at the ester residues (Scheme 4).
Then a copper(II) acetate-mediated coupling between the phenol and the boronic acid, a
procedure reported by Evans and coworkers,' 7 appears to be able to effect the desired coupling
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on small scales. However, upon scaling up, this reaction does not appear to be effective with
these substrates. The coupling can be done from the iodide using copper(I) iodide using 1,1,1-
tris(hydroxymethyl)ethane as a ligand.18 This method effects the coupling on larger scales, but
requires chromatographic separation of products; another method was therefore sought.
Buchwald and coworkers have reported an elegant synthesis of diphenyl ethers that
employs the benzene adduct of copper(I) triflate as a catalyst; the toluene adduct can also be
used. 19 A slight modification of the reported procedure (changing the solvent from toluene to
THF) allows for efficient coupling between 3,5-dipropoxyphenol and dimethyl 5-
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iodoisophthalate. The desired product, dimethyl 5-(3,5-dipropoxyphenoxy)isophthalate, is
obtained as a flaky white crystalline solid upon crystallization from methanol. With the dimethyl
ester that is to become the cryptand spacer in hand, saponification yields the isophthalic acid, and
activation of the acid residues via EDAC coupling chemistry, as with the t-butyl analogue, yields
the disuccinimido ester 9 in good yield. Treatment of 3 equiv of 9 with 2 equiv of TREN under
high-dilution conditions yields the desired cryptand ligand in 23% yield after workup. Again, the
crude ligand is run down an alumina column to remove the majority of the polymeric
byproducts. Here, however, pure 10-H 6 can be precipitated from THF solution after this
treatment. That the final high-dilution step goes in 23% percent yield is remarkable, as it
represents a significant improvement on hexacarboxamide cryptand syntheses reported in the
literature, and allows for the moderately complex, multistep synthesis of this ligand to proceed in
overall 9% yield. This allows for the isolation of gram quantities of the ligand, facilitating the
performance of further chemistry. Finally, this ligand shows markedly improved solubility over
its t-butyl relative. Whereas 6-H 6 is sparingly soluble in DMF, DMA, and DMSO, and almost
completely insoluble in THF and CH 2Cl2 , 10-H6 is freely soluble in all of these solvents. This
newfound solubility not only affirms the solubilizing power of the polyether moities, but also
was expected to help give rise to new transition metal chemistry of hexacarboxamide cryptands.
2.2.2 Structure of hexacarboxamide cryptand 10-H6
Crystals of 10-H 6 suitable for X-ray diffraction studies were grown by vapor diffusion of diethyl
ether into a THF solution; the solid state structure of 10-H 6 can be seen in Figure 1 with the
solubilizing dipropoxyphenoxyl substituents pared away for clarity. A theme in the
crystallographic studies of this ligand and the metalated complexes thereof is that although there
is substantial disorder in the polyether moieties that have been appended to the cryptand for the
purpose of solubility (see section 2.7), the "core" of the molecules, that is, the TREN moities and
the phenylene spacers that span them, are very well behaved and display no observable disorder.
This compound crystallizes in the space group P21/n, and the carboxamide hydrogen atoms were
found in the electron difference map and the N-H distances were restrained to 0.88 A. This
represents a rare example of a hexacarboxamide-based cryptand that does not possess a guest
molecule inside the cryptand cavity. In addition, the majority of known "guestless"
hexacarboxamide cryptands have their hydrogen bonding networks interrupted by the presence
Figure 1. Solid state structure of 10-H6. Non-carboxamide hydrogen atoms, solvents of crystallization,
and dipropoxyphenoxyl substituents have been omitted for clarity. Selected distances: H101-0301:
2.262(19) A; H201-0301: 2.125(19) A; H202-0102: 1.925(19) A; H102-0202b: 2.00(2) A; H301-0101d:
1.982(19) A; H302-0102: 2.980(19) A.
of water molecules in the crystal; a search of the Cambridge Structural Database 20-2 reveals only
two such structures where this is not the case. 22 23 Rigorous exclusion of water in the preparation
of this molecule allows for study of the hydrogen bonding in these species uninterrupted by
water. In contrast to metal complexes of 106 which possess an approximate C3 axis of symmetry
(vide infra), the ligand folds in upon itself in order to engage in intramolecular hydrogen
bonding. H101 and H201 are within hydrogen bonding distance of 0301 (2.262(19) A and
2.125(19) A, respectively), and H202 is found 1.925(19) A from 0102. The hydrogen atom
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bound to N302 is 2.980(19) A from its nearest acceptor, 0102. This distance is outside the range
of traditional hydrogen bonding, though the hydrogen atom is indeed disposed geometrically to
potentially engage in a longer range electrostatic interaction with 0102. These interactions break
the C3 symmetry in the solid state, though in solution on the NMR time scale at room
temperature, this symmetry is evident. Variable temperature 1H NMR studies confirm that this
symmetry is lost as a solvated sample of the cryptand is cooled to -85 'C; at these low
temperatures, this loss of symmetry results in a complex 1H NMR spectrum.
Intermolecular hydrogen bonding is also present in the crystal, forming an extended
network of cryptands. Each cryptand unit in the crystal engages in four intermolecular hydrogen
bonds: two originate from the hydrogen atoms bound to N102 and N301, which bind to 0202
and 0101 respectively in two neighboring cryptand molecules; likewise, carboxylate oxygen
atoms 0101 and 0202 act as receptors for hydrogen bonds from other cryptand units. The result
of the intermolecular hydrogen bonding is an extended network of cryptands associated through
the hydrogen bonds; this network forms infinite two-dimensional sheets of cryptands, with the
crystallographic c axis being normal to these extended planes. Figure 1 shows one cryptand unit
and its four nearest neighbors, which represent an origin point from which an infinite one
dimensional sheet is made.
2.3 - A dicobalt(l) complex of hexacarboxamide cryptand 106
Initial attempts to metalate 10-H6 drew inspiration from our earlier insertion of cobalt into 6-H 6
using Li(THF) 4CoMes 3.24-25 Concerned that lithium counterions might negatively affect the
solubility of the desired product by inducing the formation of extended networks, an analogue of
the organometallic cobalt starting material featuring a non-coordinating cation was desired.
Theopold reported the synthesis of (PPN)CoMes 3 (PPN = bis(triphenylphosphine)iminium), 24
made by simple salt metathesis of Li(THF)4CoMes 3 with PPNCl and crystallized from THF; the
tetrabutylammonium analogue can be made and crystallized in the same fashion. Treatment of 1
equiv of 10-H6 with 2 equiv of this compound at 70 'C results in a color change of the reaction
mixture from the green of the cobalt starting material to teal. ESI-MS analysis in negative ion
mode of this mixture shows a peak with the correct charge and isotopic distribution for 10-Co 2 .
However, this encouraging result was difficult to reproduce, potentially due to the thermal
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instability of the organometallic starting material, and as a result, an alternative metalation
procedure was sought.
Double cobalt(II) insertion into and hexadeprotonation of the cryptand ligand can be
consistently accomplished as shown in Scheme 5. Treatment of a slurry of 10-H 6 and two equiv
of cobalt(II) acetate with 6.1 equiv of potassium hexamethyldisilazide in DMF resulted in the
formation of K2(DMF)6Co2L (10-K 2C02) in 60% yield with concomitant precipitation of
potassium acetate. The desired product precipitates directly from the crude DMF reaction
mixture upon addition of diethyl ether. Proton NMR resonances in the spectrum of 10-K 2C02 are
paramagnetically broadened and shifted, as expected for a complex incorporating a pair of
weakly coupled d7 metal ions (a solution phase magnetic susceptibility measurement2 6-27 yielded
pteff = 6.52 Bohr magnetons, expected spin only value (Equation 1) = 5.47 Bohr magnetons 28).
pqff = 2 S(S+1) Eq. 1
Shifts corresponding to phenylene and propyl protons from the propoxyphenoxyl moiety
are observed between 6 2.5 and 6 11.2. Six resonances corresponding to the phenylene spacer
aryl and TREN methylene protons are observed between 6 -60 and 6 70. Four resonances are
observed for the TREN methylene residues, suggesting that these protons are diastereotopic for
the compound in solution, an indication of rigidity of the Ch-symmetric molecular framework on
the NMR timescale; this phenomenon is explored via variable temperature NMR performed on a
diamagnetic zinc complex in Chapter 3. NMR studies also reveal the stability of 10-K 2C02 to
water: overnight agitation in the presence of 14 equiv of water in DMSO-d 6 solution indicated
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Figure 2. Diamagnetic region of 1H NMR spectrum of an experiment showing no decomposition of 10-
K2Co 2 in the presence of 14 equiv of water. Heating of this sample to 75 *C for two days resulted in no
change in the spectrum.
no decomposition (Figure 2); heating of this mixture at 75 *C for two days resulted in no change
in the 'H NMR spectrum.
Crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of ether
into a DMF solution of 10-K2C02. Structural analysis of 10-K 2Co2 reveals that two
crystallographically independent but chemically equivalent units compose the asymmetric unit.
The core of one of these units can be seen in Figure 3, with the solubilizing polyether groups
pared away for clarity. This view clearly shows the metal centers residing in anionic TREN
pockets with trigonal monopyramidal geometry (sum of Neq-Co-Neq(avg) = 358.20). No residual
electron density was observed in the void between the cobalt centers, ruling out the presence of a
second axial ligand. The distance between the metal centers in each is 6.408 A (avg). A contrast
of this structure with that of 6-Li 2Co2 is instructive. One of the most interesting differences
between the two structures is the intermetallic distance, which expands to the aforementioned
value of 6.408 A (avg) in 10-K 2 C02 from 6.073 A (avg) in 6-Li2Co2 . This distance difference of
0.335 A manifests itself in spite of the fact that the cobalt-TREN moieties in both complexes are
spaced by 1,3-substituted phenylene spacers. In addition, the carboxamide oxygens are disposed
differently in each complex. The carboxamide oxygens in 10-K 2 C02 are oriented such that there
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Figure 3. Crystal structure of the core of dicobalt cryptate 10-K 2Co2. Potassium ions, hydrogen atoms,
solvents of crystallization and dipropoxyphenoxyl substituents have been omitted for clarity. Notable bond
distances and angles (all values averaged over two cryptate units found in asymmetric unit): Co-Co:
6.408 A; Co-Nap: 2.142 A; I(Nae-Co-Neq): 357.350; Nap-Nap: 10.689 A.
Figure 4. Views of the anions of 6-Li 2Co2 (left) and 10-K 2Co2 (right) looking down the Nap-Nap vector.
Countercations, hydrogen atoms, solvents of crystallization, and dipropoxyphenoxyl substituents have
been omitted for clarity. In this view, the intermetallic cavity of 6-Li2Co2 appears to be more
accessible.
DMF DMF
Figure 5. A view of the beginning of the extended structure of 10-K 2Co2. Hydrogen atoms, non-
coordinating solvents of crystallization, and dipropoxyphenoxyl substituents have been omitted for clarity.
Color key: black - carbon; blue - nitrogen; red - oxygen; purple - potassium; pink - cobalt.
is a pseudo-C 3 axis running between the two apical nitrogens (avg. torsion angle between
carboxamide C-O vectors: 4.650); the analogous oxygen atoms in 6-Li2Co 2 prohibit the
existence of such an axis (avg. torsion angle between carboxamide C-O vectors: 41.31 *). Figure
4 clarifies this point by showing a view of the anion of each complex, looking down the Nap-Nap
vector. Lastly, the Co-Nap vectors in 10-K 2Co2 are roughly colinear (avg. Nap-Co-Nap angle:
178.680), whereas the analogous vectors in 6-Li2Co2 are slightly askew with respect to one
another (avg. Nap-Co-Nap angle: 173.32*). All of these observations taken together seem to
suggest that the ligand architecture in 6-Li 2Co2 may allow for greater flexibility in metalated
complexes. This may have a profound effect on subsequent reactivity (vide infra). The reasons
for this decreased flexibility in 10-K 2C02 are not readily apparent, though it is possible that the
large solubilizing substituents exert a large steric force on the cavity of the crypt itself, causing
the observed rigidity.
..........  .... ...  .
The structure of 10-K 2C0 2 reveals that potassium ions bridge the dicobalt cryptate units,
resulting in an extended three-dimensional structure. This is in analogy to protonated cryptands,
which may form an extended three-dimensional structure by hydrogen bonding to interstitial
anions. 29 Figure 5 depicts this long-range structure, wherein infinite one-dimensional rods of
cryptate units bridged by potassium ions are cross-linked with another set of similar infinite one-
dimensional rods via potassium ions. This leads to an extended three-dimensional lattice of these
cryptate rods. Perhaps due to this extended structure, 10-K 2C0 2 is soluble only in highly polar
solvents such as DMF and DMSO. Treatment of a slurry of 10-K 2 C02 in THF with two equiv of
18-crown-6, however, results in a homogeneous solution. The potassium ions in [K(18-crown-
Figure 6. Solid state structure of 10-(K-crown)2 Co2. Non-water hydrogen atoms have been omitted
for clarity. One cryptate of two present in asymmetric unit shown; three potassium ions of four in
asymmetric unit shown to exemplify water coordination.
...... ............... ...
6)] 2Co 2L (10-(K-crown) 2Co 2) are sequestered, thus interrupting the extended structure.
Accordingly, compound 10-(K-crown) 2Co2 is soluble in less polar solvents such as THF,
methylene chloride, chloroform and acetonitrile.
A crystal of 10-(K-crown) 2Co2 suitable for X-ray diffraction studies was obtained by
vapor diffusion of ether into DMF. The structure can be seen in Figure 6, and may shed light on
the remarkable stability of 10-K 2C02 to water, even at elevated temperatures. The most
interesting feature of this structure is not the anionic cryptand core, but rather the coordination
sphere about the potassium counterions. All the potassium ions are sequestered by 18-crown-6
molecules, but because 18-crown-6 is only an equatorially binding ligand, there are available
binding sites on the potassium ions. Here we can see that water molecules coordinate to some K*
centers. Presumably the water was present in the 18-crown-6 used in the sequestration, but the
fact that it binds the potassium ions instead of the coordinatively unsaturated cobalt centers is
surprising. Borovik and coworkers have shown that trigonal monopyramidal cobalt centers are
capable of reacting with water at ambient temperature in an expedient fashion.3 0 That we see no
reaction in this case (and indeed, no reaction with 02 or NO, among other small molecules), even
at elevated temperatures, speaks to the difficulty of accessing the intermetallic space. Figure 6
also displays the cryptate unit intact, exhibiting the solubilizing units attached to the phenylene
spacers.
A B
Figure 7. A) Space-filling model of the core of 10-K 2Co2, side-on. B) Space-filling model of the core of
10-K 2Co2 , looking down the cobalt-cobalt vector. In this view, one cobalt TREN complexation pocket
has been removed in order to facilitate viewing of the intermetallic cleft. Key: black - carbon; white -
hydrogen; red - oxygen; blue - nitrogen; green - cobalt.
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A PLATON3 1 analysis sheds further light on the lack of reaction between 10-K 2C0 2 and
exogenous substrates. A VOID analysis, designed to look for solvent accessible spaces in a
crystal structure solution, turned up no solvent accessible volumes. The solvent that PLATON
uses to define "solvent accessible void" is water, meaning that PLATON's analysis suggests that
there are no pockets inside the cryptate unit where water could potentially fit; a VOID analysis of
6-Li2 Co2 similarly revealed no solvent accessible volumes. This prompted us to investigate a
space filling model of 10-K 2Co2. Two views of the model can be seen in Figure 7. Figure 7A
shows the core of the cryptate unit from the side. Here one can see that, in this conformation, the
phenylene rings seem to block access to the cavity, since they form a protective "barrel" around
it, as opposed to being fanned out from the center. Figure 7B gives a view of the intermetallic
cleft itself. This is a view down the Co-Co axis, but one of the cobalt-TREN moities has been
omitted. It is clear from this view that the phenylene spacers exert a significant amount of steric
pressure on the intermetallic cavity. The conformation observed in the crystal structure is
believed to be fairly rigid, even at elevated temperatures (see Chapter 3), and these facts taken
together may explain why water does not appear to coordinate to the cobalt centers. Precisely
what is responsible for this rigidity is so far unclear, though it may be related to the presence of
the solubilizing substituents; this will be explored briefly in the Appendix.
2.4 - A dicobalt bridging cyanide complex of 106
In spite of the above discussion of the lack of accessibility of the intermetallic cleft, cyanide
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Figure 8. Infrared spectrum of 10-K3Co2-CN. Figure 9. UV/vis spectrum of 10-K 3Co2-CN.
insertion, at least, is possible. Treatment of 10-(K-crown) 2Co2 with an excess of potassium
cyanide and 18-crown-6 in DMF at 75 *C for two days (Scheme 6) elicits a color change from
turquoise to vibrant pink, indicative of cyanide binding,31 as well as the appearance of a weak
band at 2129 cm~1 in the IR spectrum (see Figures 8 and 9 for IR and UV/vis spectra). The
weakness of stretches arising from cyanide ligands bridging metal centers in trigonal bipyramidal
geometries is precedented.- 34 Indeed, even the unbridged Fe(IV) cyanide [(t-
BuMe2SiNCH2CH2)3N]FeCN displays no observable cyanide stretch in the infrared spectrum.35
1H NMR spectra of the new species indicate a smooth conversion to a paramagnetic entity
(solution etff = 6.21 Bohr magnetons) 26-27 that no longer possesses reflective symmetry through a
mirror plane perpendicular to the metal-metal vector, as observed for complexes 10-K 2Co2 and
10-(K-crown) 2Co2. Crystals of cyanide adduct [K(18-crown-6)] 3Co(p-CN)CoL (10-K 3Co2-CN)
were grown from a THF solution layered with pentane; the ensuing structure is depicted in
Figure 10. It is an affirmative illustration of cryptand internal cavity accessibility that cyanide
anion undergoes reaction to penetrate the barrier defined by the xylylene spacer arms of 10-(K-
crown)2Co2 and to take up residence there as an axial bridging ligand; that water does not bind
under identical conditions may speak to the ability of the spacers to protect against coordination
of weaker ligands. Cyanide insertion between the cobalt centers has a profound effect on the
geometry of the supporting bimetallic scaffold. The cobalt metal centers are pulled from their
respective TREN binding pockets (10-K 2C0 2 : Col-Co2: 6.4078 A (avg) vs. 10-K 3Co 2-CN:
Col-Co2: 5.3263(9) A) to a sufficient extent that the primary coordination sphere of the metal is
best described as tetrahedral (Ecol(eq) = 340.76(23)*; ECo2(eq) = 343.07(24)*). The distance
between Col and Co2 is significant. A search of the Cambridge Structural Database returns no
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Figure 10. Solid state structure of 10-K 3Co2-CN. Hydrogen atoms, crown ethers, solvents of
crystallization, and dipropoxyphenoxyl substituents omitted for clarity. Notable distances and angles:
C3-N3 = 1.159(10) A; Col-Co2 = 5.3263(9) A; Co1-N1 = 2.494(3) A; Co2-N2 = 2.425(3) A; Z(Neq-
Col-Neq) = 340.76(23)*; Z(Neq-Co2-Ne) = 343.07(24)*
dicobalt p-cyanide complexes with a longer Co-Co distance, with the average being 5.000 A.
This may be important in interpreting the magnetism of this compound (see Chapter 3). The
distance between the cobalt centers and their respective apical nitrogen atoms increases from an
average of 2.142(5) A in 10-K 2C02 to 2.494(3) A (Col-Ni) and 2.425(3) A (Co2-N2) in 10-
K3Co2-CN. The cyano ligand seems to remain unreduced, evidenced by the lack of elongation of
the C-N distance (C3-N3 = 1.159(10) A; cf. 1.16 A in free cyanide anion3 6). The bond distances
between the metal centers and the cyano ligand are, however, slightly longer than might be
expected, with Col-N3 being 2.100(14) A and Co2-C3 being 2.074(18) A. A search of the
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Figure 11. Cyclic voltammagrams of 10-K 2Co2 and 10-K3Co2-CN.
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Cambridge Structural Database suggests that the cobalt-carbon and cobalt-nitrogen distances are,
on average, 1.982 A and 1.897 A, respectively, for dicobalt bridging cyanide complexes.2 1 This
suggests that the TREN binding moieties may be preventing the cobalt centers from being pulled
together as closely as a bridging cyanide ordinarily would. Cyanide coordination also affects the
electrochemical properties of the cobalt complex (Figure 11). While 10-K 2C0 2 exhibits an
irreversible oxidation wave at 1090 mV, cyanide complex 10-K 3Co2-CN exhibits a cathodic
wave at -1200 mV and an anodic wave at -225 mV (voltages quoted versus Fc/Fc); these
features are independent of one another.
It is tempting to claim that the potassium ions aggregate around one end of 10-K 3Co 2-CN
due to the increased formal negative charge on that side of the cyanide complex because the
cyano ligand is C-bound there. However, this makes little sense in light of the fact that the
calculations suggest that the negative charge is spread almost perfectly evenly across the cyanide
anion.36 Indeed, modeling the cyanide ligand as positionally disordered in an end-over-end
fashion yielded the best crystallographic model. The free variable associated with this aspect of
the model refined to a value of 0.63(3), indicating that in 63% of the crystalline sample, C3 is
bound to Co2. The observed, albeit moderate, preference for C3 binding to Co2 is coincident
with coordination of all three potassium counterions to this pole of the cryptand complex.
That cyanide is capable of entering the intermetallic space and coordinating while water
A B
Figure 12. A) Space-filling model of the core of 10-K 3Co2-CN, side-on. B) Space-filling model of the
core of 10-K 3Co2-CN, looking down the cobalt-cobalt vector. In this view, one cobalt TREN
complexation pocket has been removed in order to facilitate viewing of the intermetallic cleft. Key:
black - carbon; white - hydrogen; red - oxygen; blue - nitrogen; green - cobalt.
.. ................
is not speaks to the aggressive nature of the cyanide ligand. Certainly, some conformation must
be attainable at higher temperature to allow cyanide to enter. That the conditions for cyanide
insertion are so forcing, however, is indicative of a high kinetic barrier to insertion; whether this
kinetic barrier is higher for water insertion or whether the water insertion product is
thermodynamically unfavorable is unclear. It should be noted as well that treatment of 10-K 2 C02
with tetrabutylammonium cyanide at room temperature does not lead to formation of a cyanide
complex. This suggests a fundamentally high barrier to reaction, rather than the insolubility of
KCN being responsible for sluggish reaction. A space filling model of 10-K 3Co2-CN can be seen
in Figure 12; the two views are equivalent to those seen in Figure 7. What can be seen is that,
with the atoms shown at their van der Waal's radii, the electron density of the phenylene spacers
appears to occupy the same space as the electron density of the cyanide ligand. While this is far
from conclusive evidence of some kind of n-n interaction between the spacers and the cyanide, it
shows that even when a ligand has been inserted into the intermetallic cleft, the phenylene
spacers still exert some steric pressure.
2.5 - Conclusions and future directions
In this chapter, the synthesis of a highly soluble hexacarboxamide cryptand has been detailed.
Though this cryptand does require high dilution conditions in the last step of its synthesis, the
synthesis has been optimized to consistently yield multigram quantities of the compound. This
ligand has been structurally characterized. We have shown that this cryptand can be fully
deprotonated and used as a binucleating ligand for cobalt(II); this compound has been fully
characterized, marking the first time such a compound has been obtained in pure form and
structurally characterized. This dicobalt compound, despite featuring two coordinatively
unsaturated transition metals, displays a surprising lack of reactivity with small molecules, even
being unreactive with excess water at elevated temperatures. Treatment with 18-crown-6 and
KCN for an extended period at 75 'C does result in the formation of a bridging cyanide complex,
and the solid-state structure of this inclusion complex has also been elucidated. Space filling
models suggest that the phenylene spacers exert substantial steric pressure on the intermetallic
cavity.
We continue to be interested in the insertion of oxygenated ligands into the intermetallic
cleft, though such reactivity has been difficult to find. It is possible that the large solubilizing
polyether groups are negatively affecting the reactivity of the bimetallic cryptate. Thus, while
this study has been critical in beginning to understand the synthesis and chemistry of complexes
of the hexacarboxamide cryptand 10-H6, it would be useful to work with a system possessing a
smaller substituent on the phenylene spacer. The Appendix outlines ongoing work in this
direction. Prior to this, however, it is of interest to explore the generality of the metalation
chemistry described in this chapter, and to draw comparisons between 10-K 2 C02 and other
complexes of its type. Chapter 3 discusses the syntheses and full characterization of a family of
complexes of the type 10-K 2M2 and work toward an understanding of their properties.
2.6 - Experimental section
2.6.1 General synthetic considerations.
All manipulations were performed either using Schlenk techniques or in a nitrogen-atmosphere
glovebox. All reagents were purchased from Aldrich, except 3,5-di-n-propoxyphenol, which was
prepared according to a reported synthesis.2 Potassium hexamethyldisilazide was recrystallized
from toluene. 18-crown-6 was recrystallized from acetonitrile. Celite was dried under vacuum at
a temperature greater than 200 *C for two days. Solvents (EMD Chemicals Inc.) were either used
as received or purified on a Glass Contour Solvent Purification System built by SG Water USA,
LLC. IR spectra were obtained on a Perkin-Elmer Model 2000 FT-IR spectrophotometer. UV/vis
spectra were obtained on a Cary 5000 photopspectrometer. Magnetic moments were measured
by the method of Evans. 26-2 7 NMR solvents were obtained from Cambridge Isotope Laboratories,
Inc., and 'H and 13C{'H} NMR spectra were obtained on a Varian 300 MHz spectrometer and
are referenced to residual protio-solvent signals. Elemental analyses were performed by Midwest
Microlabs, LLC.
2.6.2 Dimethyl 5-iodoisophthalate (8).
To 250 mL of 96% sulfuric acid heated to 30 'C was added iodine (46.66 g, 184 mmol) and
sodium periodate (13.54 g, 63 mmol,). This mixture was allowed to stir for 30 minutes, during
which time the reaction mixture became black. To this mixture was added dimethyl isophthalate
(55.70 g, 287 mmol), and the reaction mixture was allowed to stir overnight. The mixture was
poured over crushed ice and filtered. The purple solid obtained was dissolved in 1 L of
methylene chloride, and carefully washed with sodium bicarbonate. After neutralization was
complete, sodium sulfite was added to the extraction funnel until the purple color of the organic
layer dissipated. The organic layer was then separated and the aqueous layer washed with 2 x
200 mL of methylene choride. The organic layers were combined and taken to dryness using a
rotovap. The resultant orange oil was dissolved in boiling methanol, and the product crystallized
as fine white needles upon cooling to room temperature. Yield: 60.00 g (187.5 mmol, 65%). 1H
NMR (300 MHz, CDCl 3, 6): 8.60 (t, J = 1.5 Hz, 1H), 8.52 (d, J = 1.5 Hz, 2H), 3.94 (s, 6H).
13 C{'H} NMR (126 MHz, CDCl 3, 6): 164.9, 142.5, 132.2, 129.9, 93.5, 52.8. Anal. Calc'd
(found) for C10H90 41: C, 37.52 (37.76); H, 2.83 (2.77).
2.6.3 Dimethyl 5-(3,5-dipropoxyphenoxy)isophthalate.
In the glovebox, a glass thick-walled high-pressure vessel was charged with dimethyl 5-
iodoisophthalate (30.95 g, 96.7 mmol, 1 equiv), 3,5-dipropoxyphenol (40.69 g, 194 mmol, 2
equiv), (CuOTf) 2 'toluene (1.26 g, 2.44 mmol, 2.5 % by mol), cesium carbonate (63.7 g, 196
mmol, 2 equiv), and crushed molecular sieves (25 g), which had been dried in an oven overnight
and pumped into the glovebox while hot. To these solids, 80 mL of dry THF was added. The
vessel was fitted with a teflon bushing with a Viton O-ring, and placed in a 1000 C oil bath and
stirred for 21 h. At this time, the reaction mixture was allowed to cool to room temperature, and
the vessel was opened. The reaction mixture was partitioned between 500 mL each of brine and
methylene chloride. The brine layer was further washed twice with methylene chloride, and the
combined organic washings were collected, filtered and evaporated to dryness. The resultant
residue was extracted into ether. The extract was filtered through Celite, and the filtrate was
evaporated to dryness. The volume of the resultant oil was doubled by addition of methanol (200
mL) and placed in a 0 "C freezer. Hairy needles crystallized from solution, representing 23.90 g
(59.4 mmol, 61%) of the desired diphenyl ether product. 1 H NMR (300 MHz, CDCl 3, 6): 8.42 (t,
J = 1.5 Hz, 1H); 7.86 (d, J = 1.5 Hz, 2H); 6.28 (t, J = 2.2 Hz,1H); 6.14 (d, J = 2.2 Hz, 2H); 3.94
(s, 6H); 3.86 (t, J = 6.6 Hz, 4H); 1.78 (qt, J, = 7.5 Hz, J2 = 6.6 Hz, 4H); 1.02 (t, J = 7.2 Hz, 6H).
13 c{lH} NMR (126 MHz, CDCl 3, 6): 165.9, 161.4, 158.1, 157.6, 132.3, 125.5, 124.2, 98.3,
97.3, 69.8, 52.6, 22.6, 10.6. Anal. Calc'd (found) for C2 2H2 20 7: C, 66.32 (65.78); H, 5.57 (6.48).
2.6.4 5-(3,5-dipropoxyphenoxy)isophthalic acid.
In a 25 mL round bottom flask, 0.55 g (1.37 mmol) of dimethyl 5-(3,5-dipropoxyphenoxy)
isophthalate was dissolved in 5 mL of ethanol. To this stirred solution was added NaOH (1 M,
5.7 mL, 5.7 mmol). The reaction mixture was allowed to stir overnight, after which the ethanol
was evaporated using a rotovap and the water acidified with 1 M HCl to precipitate a white solid.
This solid was extracted into ether. The ether was dried over sodium sulfate, filtered and taken to
dryness using a rotovap to dryness to yield 0.51 g (1.36 mmol, 99%) of the desired product. 'H
NMR (300 MHz, (CD 3)2 CO, 6): 8.41 (t, 1H); 7.83 (d, 2H); 6.36 (t,1H); 3.93 (t, 4H); 1.75 (qt,
4H); 0.99 (t, 6H). 13C{H} NMR (126 MHz, CDCl3, 6): 166.7, 161.6, 158.1, 157.8, 133.7, 122.9,
99.2, 98.1, 69.9, 22.6, 11.0. Anal. Calc'd (found) for C20H180 7: C, 64.16 (64.12); H, 5.92 (6.05).
2.6.5 Bis(2,5-dioxopyrrolidin-1-yl) 5-(3,5-dipropoxyphenoxy)isophthalate (9).
A 500 mL flask was charged with 5-(3,5-dipropoxyphenoxy)isophthalic acid (10.38 g, 27.7
mmol, 1 equiv), NHS (7.02 g, 61.0 mmol, 2.2 equiv), and EDAC (11.70 g, 61.0 mmol, 2.2
equiv). To these solids, 200 mL of methylene chloride was added, and the mixture was stirred for
3 hours, during which time it became homogeneous. The reaction mixture was washed with
saturate sodium bicarbonate solution and brine. The aqueous layers were collected and further
extracted with three 100 mL portions of fresh methylene chloride. The combined organic layers
and washings were collected and dried over sodium sulfate. The filtrate was taken to dryness
using a rotovap; this yielded 15.84 g (27.8 mmol, quantitative) of 1. This material was used
without further purification. 'H NMR (300 MHz, CDCl 3, 6): 8.60 (t, 1H); 8.01 (d, 2H); 6.32 (t,
1H); 6.18 (d, 2H); 3.88 (t,4H); 2.93 (br s, 8H); 1.80 (qt, 4H); 1.03 (t, 6H). "C{1H} NMR (126
MHz, CDCl 3, 6): 169.1; 161.7; 160.5; 158.8; 157.0; 127.9; 126.4; 125.9; 98.8; 98.5; 70.0; 25.9;
22.7; 10.7.
2.6.6 C72H9oN80 15 (10-H6 ).
In a 2 L flask, bis(2,5-dioxopyrrolidin-1-yl) 5-(3,5-dipropoxyphenoxy)isophthalate (16.86 g,
29.67 mmol) was dissolved in 1.4 L of methylene chloride. To this solution was added dropwise
a solution of TREN (2.89 g, 19.8 mmol) dissolved in 10 mL of methylene chloride. The reaction
mixture was refluxed for 60 h. The reaction mixture was taken to dryness using a rotovap, and
the yellow oil so obtained was run down an alumina column with 15% MeOH/CH 2Cl2 as eluent.
This yielded an impure yellow solid that was dissolved in 100 mL THF. The product 2 was
obtained as a pure white powder following precipitation with ether and filtration. Yield: 2.96 g
(2.26 mmol, 23%). 'H NMR (300 MHz, CDCl 3, 6): 8.80 (s, 3H); 8.16 (br t, 6H); 7.66 (s, 6H);
6.22 (t, 3H); 6.12 (d, 6H); 3.81 (t, 12H); 3.23 (v br t, 12H); 2.59 (v br t, 12H); 1.72 (qt, 12H);
0.97 (t, 18H). "C NMR (126 MHz, CDCl 3, 6): 166.22, 161.48, 158.10, 157.89, 135.91, 120.79,
119.82, 98.73, 97.55, 69.89, 59.67, 40.52, 22.69, 10.75. Anal. Calc'd (found) for C72H90N8015 :
C, 66.14 (66.69); H, 6.94 (7.12); N, 8.57 (8.61).
2.6.7 K2(DMF)6 Co2C72H 4N8O15 (10-K 2C02).
A slurry of 2 (145 mg; 111 mol) and Co(OAc)2 (39 mg; 22 ptmol) was stirred in 1 mL of DMF
for 30 minutes (Slurry 1). The mixture was frozen in the glove box cold well, as was a solution
of KN(SiMe 3)2 - 0.32 toluene (154.8 mg; 68 pmol, Solution 2) in 1 mL of DMF. As the
solutions thawed, Solution 2 was added to Slurry 1 and allowed to warm to glove box
temperature over the course of two hours. The reaction mixture darkened initially, and lightened
over the two hours to a turquoise shade. The reaction mixture was filtered to remove precipitated
potassium acetate. To the filtrate was added 10 mL of ether dropwise with rapid stirring. A light
blue-green powder precipitated and was collected by filtration. This precipitate was washed with
12 mL of 5:1 ether:DMF and dried in vacuo. The powder comprised 136 mg (70.2 pimol, 64%)
of analytically pure product. Both NMR and elemental analysis confirm the presence of 6 DMF
molecules per Co 2C72 H8 4N8O1 5 unit. Crystals suitable for X-ray diffraction studies were grown
by vapor diffusion of ether into a concentrated DMF solution of the product. 'H NMR (300
MHz, CDCl 3, 6, all signals paramagnetically broadened): 67.60, 51.18, 20.31, 11.12, 8.77, 7.94,
7.13, 3.60, 2.89, 2.77, 2.50, -21.42, -24.89, -59.47. Anal. Calc'd (found) for
C90H 12 6N 14 0 21K2 Co2 : C, 55.83 (55.48); H, 6.56 (6.24); N 10.13 (9.68).
2.6.8 [K(18-crown-6)] 2CO2C72H 4N8O15 (10-(K-crown) 2Co2).
In 3 mL of THF was slurried K2 (DMF) 6Co2 C72H8 4N8Ois (381 mg, 197 ptmol). To this slurry was
added 18-crown-6 (104 mg, 393 ptmol) dissolved in 3 mL of THF. The turquoise slurry quickly
became homogeneous, and was stirred for one hour. The reaction mixture was filtered and the
filtrate was taken to dryness. The residue so obtained was dissolved in the minimum amount of
THF and crystallized by vapor diffusion of ether overnight at glove box temperature. The
crystalline solid was collected by filtration, washed with 6 mL of 2:1 ether:THF and dried in
vacuo. The crystalline product so obtained comprised 313 mg (154 pmol, 79%) of the desired
product. 'H NMR (300 MHz, CDCl 3, 6, all signals paramagnetically broadened): 67.38; 51.50;
20.13; 11.10; 8.77; 7.13; 3.62; 2.50; -20.88; -24.80; -58.02. Anal. Calc'd (found) for
C96H132N8O2 7K2Co 2 : C, 56.91 (56.39); H, 6.57 (6.42); N, 5.53 (5.46).
2.6.9 [K(18-crown-6)]3Co(CN)CC 72H 4N0 15 (10-K 3Co 2-CN).
In 2 mL of DMF was dissolved 123 mg (61 pimol, 1 equiv) of [K(1 8-crown-6)] 2Co2C72H 4N8O15
and 33 mg (123 pimol, 1 equiv) of 18-crown-6. To this mixture was added 13.3 mg (204 pmol;)
of potassium cyanide. This reaction mixture was sealed in a glass thick-walled vessel and heated
at 75 *C with stirring for 24 h. At this point, the reaction mixture was filtered, and the filtrate
was taken to dryness. The solid product so obtained was analyzed by NMR. The reaction was
incomplete and was so dissolved in 2 mL of DMF, and 5.5 mg of potassium cyanide was added.
The reaction mixture was heated to 75 *C with stirring for a further 24 h, at which point the
reaction was judged complete by NMR spectroscopy, as evidenced by the disappearance of
starting material. The reaction mixture was filtered and the filtrate was taken to dryness, and the
solid so obtained was crystallized by vapor diffusion of ether into a concentrated THF solution
overnight. The crystalline material so obtained was washed with 5 mL of 2:1 ether:THF and
dried in vacuo. The product comprised 85.6 mg (36.3 tmol, 60%) of bright magenta crystals. 'H
NMR (300 MHz, CDCl3, 6, all signals paramagnetically broadened): 40.26; 36.45; 23.34; 19.48;
7.61; 6.65; 4.65; 3.55; 2.08; 1.26; -1.01; -50.56; -62.09; -79.60. Anal. Calc'd (found) for
Cio9H156N90 33K3 Co2 : C, 55.57 (55.51); H, 6.68 (6.66); N, 5.35 (5.39).
2.6.10 Treatment of 10-K 2C0 2 with water
A solution of 3 (50.1 mg, 25.9 pimol) in 1 mL of DMSO-d6 was made. The teal solution was
placed in an NMR tube, and the NMR tube was fitted with a septum. Using a glass microliter
syringe, 0.95 pL (52.8 mmol) of water was added, and the NMR tube was agitated overnight. 'H
NMR indicated no decomposition. A further 0.95 ptL was added, bringing the total equivalents of
water to four, and the NMR tube was agitated overnight. 'H NMR again indicated no
decomposition. A further 9.5 pL of water was added, bringing the total equivalents of water to
fourteen. The NMR tube was agitated overnight, and 'H NMR again indicated no decomposition.
The diamagnetic region of the final NMR spectrum, exhibiting the lack of free ligand, may be
seen below. In a separate experiment, heating a DMSO-d6 solution of 20.7 mg (0.0107 mmol; 1
eq.) of 3 with 2.7 pL (0.15 mmol, 14 eq.) of water for 2 days elicited no change in the NMR
spectrum.
2.7 - Crystallographic details*
Low-temperature diffraction data were collected on a three-circle diffractometer coupled to a
Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo Kc radiation (A =
0.71073 A) for the structure of 10-K 2C02 and Cu Kc radiation (A = 1.54178 A) for the structure
of 10-K 3Co2-CN, performing #-and co-scans. The structures were solved by direct methods
using SHELXS and refined against F2 on all data by full-matrix least squares with SHELXL-9738
using established methods. 39 All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were included into the model at geometrically calculated positions and refined using a
riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2
times the U value of the atoms they are linked to (1.5 times for methyl groups).
Both structures were extremely challenging due to the presence of large amounts of
solvent in the crystal lattice and also the fact that most atoms of the ligands in are involved in
disorders. All disorders were refined using similarity restraints on 1,2- and 1,3-distances and
displacement parameters as well as rigid bond restraints for anisotropic displacement parameters.
Unless noted otherwise, the ratios between the two components of all disorders were refined
freely, while constraining the sum of the occupancies to unity. Similar ADP and rigid-bond
restraints were also applied to atoms not involved in disorders to stabilize the refinement.
10-K 2C02 crystallizes in the non-centrosymmetric space group Cc with two molecules of
10-K 2Co2 plus eight not disordered DMF molecules, two disordered DMF molecules and one
partially occupied molecule of diethyl ether in the asymmetric unit. The disorder of one of the
DMF molecules is coupled to the disorder of one of the ligands [atoms 0(204) through C(221)]
of the main molecules, and the occupancy of the ether molecule is coupled to the disorder of
another one of the ligands [atoms 0(305) through C(324)] of the main molecules, but the second
component cannot be found. The occupancy of the ether refines to 0.620(8). This partially
occupied ether molecule leads to non-integer values for the elements C, H, and 0 in the
empirical formula. In addition, the structure of 10-K 2Co 2 was refined as racemic twin; the twin
ratio converged at 0.391(13).
This section has been contributed by Dr. Peter MUller of MIT, and appears in the Supporting Information of the
paper this chapter is based on. The information presented here describes the difficulties encountered in modeling the
solid-state structures of the compounds reported here, and is important for a good understanding of the structures.
10-K 3Co2-CN crystallizes in the centrosymmetric space group P-1 with one molecule of
10-K 3Co 2-CN and 2.5 molecules of disordered THF (two fully occupied and one half-occupied)
in the asymmetric unit. The half occupied THF molecule is weakly coordinated to one of the
potassium ions (K-O distance 2.920(9) A for the main component of the THF disorder). This
half-occupied THF molecule leads to a non-integer value for the element 0 in the empirical
formula. In spite of major efforts to model all disordered solvent, one small void-region in the
asymmetric unit remained (354 A3, located at coordinates 0.5, 0, 0) containing some chaotically
disordered solvent. Therefore the program Squeeze, 40 as implemented in Platon,31 was used to
remove the scattering contribution of this solvent electron density from the diffraction data
(Squeeze removed the equivalent of 96 electrons per unit cell). In addition to solvent and ligand
disorders, the cyanide ion between the two cobalt atoms is also disordered. The ratio of this
disorder converged to 0.63(3), which corresponds to approximately two thirds of the CN~
oriented in the way pictured in Figure 10 and one third the other way. It thus appears that there is
a significant tendency of the cyanide to be oriented with the carbon towards Co(2) - that is, the
one linked to the three potassium ions - even though the opposite orientation is also observed.
The Co-C and Co-N distances for the cyanide ion were not subjected to any geometry restraints;
nevertheless both Co-C and both Co-N distances are identical within experimental error. This
suggests that the asymmetry of the core of 10-K 3Co2-CN - the Co(1)-N(1) distance
(2.493(3) A) is significantly longer than the Co(2)-N(2) distance (2.424(3) A) - is not a direct
result of cyanide binding. Rather it seems that the different electronic situation of the two cobalt
ions corresponding to the location of the three potassium ions is causing both the asymmetry of
the core of 10-K 3Co2-CN and the preference of orientation of the cyanide ion. The reader should
keep in mind, however, that in X-ray crystallography the molecular model is based on electron
density. Carbon and nitrogen, especially in the cyanide ion, are very similar in electron density
(free cyanide is isoelectronic with dinitrogen) and the results with respect to the disorder of the
cyanide ion should not be overstretched. Still, the disordered model is significantly better with
respect to residual values of the refinement and is more stable than the ordered one. The
disordered model also obeys the Hirshfeld theorem4' better than the ordered one, and we are
confident that it reflects the nature of the crystal.
Table 1 Crystallographic data for complexes complexes described in Chapter 2.
10-H 6  10-K 2 C02  10-(K-crown) 2Co2  10-K 3Co 2-CN
Formula C81.oH110.69N80 17.45 C85.soH 115.50N12.5001950 C96H142N80 27K2Co 2  C19H176N9035.soK 3Co2
K2Co 2
FW 1485.25 1826.46 2036.24 2535.85
Crystal System Monoclinic Monoclinic Triclinic Triclinic
Space Group P21/n Cc P-1 P-1
a, A 16.0915(2) 22.340(4) 16.0345(2) 15.0760(3)
b, A 15.5264(2) 35.398(6) 20.8276(3) 17.0426(3)
c, A 32.1740(4) 27.350(5) 32.9249(4) 29.1340(5)
a, deg 90 90 83.2520(10) 93.1230(10)
P, deg 92.9650(10) 113.221(3) 80.2960(10) 90.3350(10)
y, deg 90 90 87.7880(10) 115.4030(10)
V, A3  8027.69(17) 19876(6) 10761.2(2) 6748.2(2)
Z 4 8 4 2
radiation, A 1.54178 (Cu Ka) 0.71073 (Mo Ka) 1.54178 (Cu Ka) 1.54178 (Cu Ka)
D (calc'd), g/cm 3  1.229 1.221 1.257 1.248
t (Mo Ka), mm~1 0.703 0.485 3.714 3.384
temp, K 100(2) 100(2) 100(2) 100(2)
no. reflections 141167 229553 206371 130252
no. ind. ref. (Rit) 14686 (0.0382) 45531 (0.0605) 36754 (0.403) 23457 (0.0339)
F(000) 3188 7712 4328 2696
GoF (F2 ) 1.024 1.022 1.469 1.075
R(F), %a 6.50 6.00 5.66 6.91
wR(F), %a 17.24 14.77 17.56 20.70
a Quantity minimixed = wR(F) = E[w(Fo2 - Fe2)2/E(wFo2)2 m]"; R = EA/E(Fo), A =|(Fo - Fe)I, w = 1/[y2(F 2) + (aP)2 + bP]; P = [2Fc2 +
Max(Fo,0)]/3.
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3.1 - Introduction
Dicobalt(II) complex 10-K 2 C02, represents the first compound of its kind, a binuclear complex
of a hexaanionic cryptand.' We were thus interested in investigating whether the methodology
employed for its synthesis could be extended to the synthesis of complexes of other metals. In
this chapter is reported the synthesis of a series of binuclear hexacarboxamide cryptates of first-
row transition metals, spanning from manganese(II) to zinc(II), excepting copper; reasons for its
omission will be discussed. With these compounds in hand, we sought to gain a better
understanding of these sytems by various methods, including EPR, crystallographic studies,
SQuID magnetometry, electrochemistry, and, in the cases of iron complexes, Mossbauer
spectroscopy. It was discovered that all complexes of the type 10-K 2M2 were isomorphous, and a
comparison of their structures is made here. Magnetic studies on these species revealed that the
metal centers in all cases are weakly antiferromagntically coupled. Irreversible oxidations are
generally the hallmark of the electrochemical behavior of these compounds; however, diiron(II)
complex 10-K 2Fe2 displays two reversible one-electron waves, suggesting the accessibility of a
diiron(III,III) complex of ligand 106.. Studies in this direction are also reported. In addition, the
generality of the cyanide insertion described in Chapter 2 is shown by the synthesis of
diiron(II,II) bridging cyanide complex 10-K 3Fe2-CN. A comparison of this compound with its
cobalt analogue, 10-K 3Co2-CN is made. Magnetic measurements on the two bridging cyanide
complexes were also made and revealed that coupling between the metal centers does not
increase significantly compared to the complexes that do not possess an intermetallic ligand.
Potential reasons for this behavior are discussed.
3.2 - A family of first-row transition metal(II) cryptates of 106-
3.2.1 Synthesis
For dicobalt complex 10-K 2C02 described in Chapter 2, metalation of ligand 10-H 6 proceeds by
treatment of a dimethylformamide (DMF) slurry of 10-H 6 and cobalt(II) acetate with a slight
excess of potassium hexamethyldisilazide at low temperatures and allowing the mixture to warm
to glovebox temperatures over two hours.1 This procedure bypasses the need for stepwise
hexadeprotonation and subsequent metalation or isolable organometallics, as was used in
Chapter 1 in the synthesis of 6-K 3Mn 2-OH and 6-Li2Co 2, respectively. Happily, it was found
that this procedure is general to several divalent metal acetates, namely those of manganese, iron,
nickel, and zinc. Thus, following the outlined procedure (Scheme 1), and after removal of
precipitated potassium acetate by filtration, analytically pure material of the formula
K2(DMF)6 M2L (10-K 2M2; M = Mn, Fe, Ni, Zn) can be precipitated from the DMF solution by
addition of ether. NMR spectroscopy indicates complete consumption of starting material, as
does the lack of a stretch representing an N-H oscillator in the infrared spectra of these
materials. These syntheses generally proceed in good yields (>50%), excepting the synthesis of
10-K2Ni 2, which proceeds in slightly lower yield (39%).
Attempts to synthesize 10-K 2Cu2 by this method using the analogous copper(II) acetate
were unsuccessful. It is unclear as to the precise reason for the failure of these experiments,
Scheme 1
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a) 2 M(OAc) 2, 6.1 KN(SiMe3 )2, DMF, 2 h, -61 0C to 20 4C, -4 KOAc
(M = Mn, Fe, Ni, Zn; Ar = 3,5-dipropoxyphenyl)
though it could be speculated that in the presence of a large excess of the hexamethyldisilazide
anion, reduction to copper(I) may be a competing side reaction; this reduction would of course
hinder the formation of the desired product not only by changing the oxidation state of the metal
center, but also by removing effective deprotonation equivalents. This process does not take
place for the other metals, presumably because of the greater stability of the metal(II) state. It is
worth noting the dearth of copper(II) coordination compounds featuring anionic N-donors. A
recent report by Warren and coworkers describes the synthesis of a p-diketiminato copper(II)
species featuring a diphenylamide ligand.2 The diphenylamide was not, however, installed via
simple salt metathesis, but by treatment of a copper(I) p-diketiminate dimer with Ph2NNO,
resulting in loss of nitric oxide and oxidation to copper(II). Peters and coworkers have reported a
formally copper(II) amide complex of the type [BP 2]CuN(p-tolyl) 2, where BP 2 is an anionic
chelating diphosphine.3 This compound, however, appears to be best described as a copper(I)
aminyl radical, which could be taken as an example of the ability of copper(II) to oxidize amides.
Other complexes featuring copper(II) centers coordinated by anionic carboxamide ligands have
been reported;4 ~5 the carboxamide nitrogen-copper linkages are generally formed by introduction
of the ligand followed by treatment with an exogenous base such as triethylamine. Thus, the
preparation of a copper(II) complex of 10-H6 may be possible, but the necessity of a new
synthetic method is probable. In our hands, attempts to metalate with copper(I) acetate were
similarly unsuccessful; again, another method might meet with success.
3.2.2 NMR studies
Dizinc complex 10-K 2Zn2 shows a complex pattern in the 1H NMR for the protons
featured on the TREN methylenes in the range of 2.5 to 4.4 ppm. The complex appears to be
rigid enough that each of the four protons on any given ethylene arm of the TREN moiety are
rendered diastereotopic on the NMR time scale (see Figure 1). Three individual signals are
observed; two protons have coincident signals that resonate at 2.5 ppm. The shifts corresponding
to the protons on the phenylene spacer, however, show the expected 2:1 pattern, suggesting that
the complex possesses a mirror of symmetry perpendicular to the Zn-Zn vector, but not one
coincident with it. Variable temperature NMR confirms that this behavior is maintained until at
least 150 'C, though the peaks do begin to broaden at elevated temperature. This is suggestive of
a conformational rigidity, where a C3 axis runs down the Zn-Zn vector, but the hindrance of
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Figure 1. NMR of dizinc cryptate showing the
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inequivalent protons of the TREN methylene units.
rotation about the Zn-Neq bonds results in an inability of the TREN moieties to "gear" in the
opposite direction. This rigidity may play a part in the reactivity patterns displayed by complexes
of this type. This type of inequivalency of TREN methylene protons in transition metal
complexes has some amount of precendent in the literature. For example, Borovik and coworkers
have observed similar inequivalencies in the methylene protons of TREN-based zinc complex
[ZnTAO(K-OAc)][BPh 4] (TAO = tris(2-amino-oxazoline)amine). NMR data are not reported
for zinc complexes of the tris(t-butylurea)TREN scaffold.7
Although 10-K2Mn2 is NMR silent, paramagnetic species 10-K 2Fe2 and 10-K2Ni2 exhibit
well-behaved NMR spectra, with the broadening and shifting of resonances that might be
anticipated for paramagnetic compounds, in analogy to the reported spectrum of 10-K2C0 2.
Again, protons located further from the metal centers, such as those featured on the
dipropoxyphenoxyl substituents, are located closer to the typical diamagnetic region, while
protons located close to the metal center, like those from the arms of the TREN motif, resonate
far from the diamagnetic region of the spectrum. The diastereotopicity of the methylene protons
also accounts for the presence of at least one extra peak versus what would be expected in the
....... ... ... ......
NMR spectra of compounds 10-K 2Fe2 and 10-K 2Ni2, were these complexes to be D3h symmetric.
These compounds display ten paramagnetically shifted and broadened resonances (discounting
those arising from DMF) in their 1H NMR spectra; nine should be observed based on a
hypothetical D3h symmetry that would be extant were the protons on a given TREN methylene
unit equivalent. The fact that only ten resonances are observed instead of the eleven predicted for
a C3h-symmetric compound may be indicative of either a broadening of one resonance into the
baseline or the overlap of one peak with another. The 'H NMR spectrum of 10-K 2C02 does in
fact display the expected eleven resonances.
3.2.3 Crystallographic studies
Crystals of unbridged complexes of ligand 106 suitable for X-ray diffraction studies can
be grown by vapor diffusion of ether into DMF solutions of the complexes. Crystallographic
studies show that the bimetallic compounds all crystallize in the same space group, Cc; indeed,
these compounds are in fact isomorphous. Utilization of the same crystallographic solution for
each of the data sets yields satisfactory models simply by changing the identity of the metal
center present in the complex; even the positional disorders observed in the solubilizing
polyether groups are located in the same places, though the ratio of components of the disorder
varies from complex to complex. Inversion of the coordinates of the solution is necessary to
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Figure 2. UV/vis spectra of 10-K 2Mn2, 10-K 2Fe2, 1O-K 2Co2,and 10-K 2Ni2-
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Figure 3A. End-on view of solid state structure of dimanganese cryptate 10-K 2Mn2. Potassium
counterions, hydrogen atoms, and solvents of crystallization omitted for clarity.
Figure 3B. Solid state structures of the cores of compounds 10-K 2Mn2, 1O-K 2Fe2, 1O-K 2Ni2, and 10-K2Zn2., Potassium counterions, hydrogen atoms, solvents of crystallization, and dipropoxyphenoxyl
substituents omitted for clarity. The atom label for N102 has also been omitted in all cases. Please seeTable 1 for notable metrical parameters.
. .............
... .... .. .. .. ...... . ...................... . ......  .............................. -
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refine the structure of compound 10-K 2Ni 2. In all cases, the values of R1 are lowest when the
identity of the metal is the same as the metal used in the synthesis, ruling out the possibility of
"mistaken identity". In addition, crystals of these complexes are markedly different colors to the
eye, with 10-K 2Mn2 being colorless, 10-K 2Fe2 being brown, 10-K 2C0 2 being turquoise, 10-
K2Ni 2 being pink-orange, and 10-K 2Zn2 being colorless (UV/vis spectra of the open-shell
complexes can be seen in Figure 2). While both 10-K 2Mn2 and 10-K 2Zn2 are colorless,
decomposition of crystals of 10-K 2Mn2 to a brown product occurs swiftly, even under oil. This
decomposition is presumably oxidative in nature, as similar qualitative observations are made
upon exposure of solutions of 10-K 2Mn 2 to oxygen-that is, precipitation of intractable brown
solids. It is currently hypothesized that this observation can be explained by the formation of
metal oxides, though further experiments would be required to verify this, and other
decomposition pathways for TREN complexes are known.8 Similar decomposition of 10-K 2Zn2
is not observed. Figure 3 depicts two different views of these crypts: in Figure 3A, a view of the
anion of 10-K 2Mn 2 looking down the Nap-Nap axis is seen. Here, the dipropoxyphenoxyl
substituents can be seen splayed out to the periphery of the cryptate. Given the isomorphous
nature of these compounds, one can understand the reason for the diastereotopic protons featured
on the TREN methylene units of 10-K 2Zn2: assuming the conformation observed in the crystal
structure is also present in the solid state, one sees that the propeller-like gearing of the TREN
units must necessarily render these protons inequivalent. Again, in this structure, as in the
structure of 10-H 6 and the structures of the other metalated cryptates, substantial disorder is
observed in the polyether component of the structure, but the cores are well-behaved and
ordered. This is seen in Figure 3B, a view of the "cores" of the anions of the complexes, that is,
the two metalated TREN moieties and the three phenylene spacers. Omission of the solubilizing
substituents, potassium counterions and solvent molecules of crystallization allows for easy
viewing of the intermetallic space.
No electron density was observed in the difference map in the void between the metal
centers, ruling out the presence of apical ligands occupying the fifth coordination site of either
metal center. As such, the two metal centers are coordinated in the still relatively rare trigonal
monopyramidal geometry. The metal centers are disposed in a cofacial orientation, such that the
vacant coordination sites are directed toward one another. The intermetallic distances varies
depending on the identity of the metal complexed, covering a range of 0.415 A. Figure 4 presents
Figure 4. Line drawings of 10-K 2Mn2 and 1O-K 2Zn2. Key: black - 1O-K 2Mn2; red - 1O-K 2Zn 2-
an overlay line drawing of the cores of complexes 10-K2Mn2 and 10-K 2Zn2 that illustrates the
similarities and differences between these complexes; 10-K2Mn2 and 10-K 2Zn2 were chosen
because the metal-metal distances in these complexes provide visible contrast. The metal-metal
distance in 10-K 2Mn2 is the shortest of the complexes at 6.080 A (avg). The line drawing shows
that this is a result of the manganese centers slightly puckering out of the planes defined by their
respective equatorial nitrogen donors. This is in contrast to 10-K 2Zn2, which has a metal-metal
distance of 6.495 A (avg). Here, the metal center is more relaxed into its TREN binding pocket.
These observations may be a result of the Zn2+ ion in 10-K 2Zn2 being a better size match for the
TREN pocket; conversely, the manganese centers, which have a larger ionic radius (0.80 A vs.
0.74 A for Zn2+)9 may be a poorer match. The intermetallic distance tracks with the ionic radius
of the complexed metal. Table 1 compares and contrasts some important metrical parameters for
the bimetallic crypts.
The extended structure of compounds 10-K 2Mn2 , 10-K 2Fe2, 10-K 2Ni2, and 10-K 2Zn2 is
Table 1. Notable metrical parameters for transition metal complexes of ligand 1Or' (all values averaged
over two cryptate units in asymmetric unit).
Metal M-M (A) M-Nap (A) Z(Neq-M-Ne) (') Nap-Nap (A) Distance to eq. plane (A)
1O-K 2Mn2  6.080 2.246 353.20 10.567 0.315
1O-K 2Fe2  6.298 2.180 356.17 10.654 0.229
1O-K 2Co2  6.408 2.142 357.35 10.689 0.187
1O-K 2Ni2  6.495 2.064 358.73 10.616 0.128
1O-K 2Zn2 6.423 2.162 358.12 10.745 0.157
complex, as reported in Chapter 2 for isomorphous compound 10-K 2C0 2. Infinite one-
dimensional chains are formed by anionic cryptate units bridged by potassium cations. These
one-dimensional chains are further bridged to another set of one-dimensional chains that cross in
another direction. The result of this pattern of crossing one-dimensional chains bridged by
potassium ions is an infinite three-dimensional extended network. This extended network may
be responsible for the poor solubility properties of these materials. Complexes of 106- are only
soluble in highly polar organic solvents, such as DMF and dimethylsulfoxide (DMSO).
Solubility in less polar solvents such as tetrahydrofuran (THF) and methylene chloride may be
imparted by introduction of 2 equiv of 18-crown-6, as mentioned for 10-K 2C0 2 in Chapter 2. The
crown serves to partially sequester the potassium ions, thus disrupting the extended network. As
an example, we synthesized the 18-crown-6 adduct of K2(DMF) 6Fe2L, [K(1 8-crown-6)] 2Fe2L
(10-(K-crown) 2Fe2), in analogy to the published 10-(K-crown) 2Co2. 10-(K-crown) 2Fe2 is
synthesized by treatment of 10-K 2Fe2 with 2 equiv of 18-crown-6 in methylene chloride. After
isolation, this molecule can be crystallized by vapor chilling a methylene chloride/ether solution.
t)
E 5
'-4
x
50 100 150 200 250
T /K
Figure 5. XT vs. T curves for unbridged bimetallic cryptates 10-K 2Mn2, 10-K 2Fe2, 10-K 2Co2,and 10-K 2Ni2.
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3.2.4 Magnetic studies
SQuID magnetometric measurements have been made on the complexes reported here. The
SQuID data and fits for the unbridged bimetallic cryptates can be seen in Figure 5. In each case,
the magnetic data support the formulation of the complexes as high-spin at high temperature;
Table 2 has the effective magnetic moments of these complexes at 250 K as derived by general
Equation 1, as well as the anticipated spin-only values.
Aff = 2.828J-T Eq. 1
The data were fit using Bill's program julX,'0 a program capable of simulating variable
temperature SQuID data. The fits are created by julX using the Hamiltonian
H=-JSA -5B +SA -DA -SA +SB B A*A B'-B)-B
where the first term represents the exchange Hamiltonian, the second and third terms introduce
the effect of the local anisotropy of the metal centers, and the last term represents the Zeeman
splitting. Due to the symmetry of the complexes, SA was constrained to be equal to SB in all
cases. The anisotropy tensors (D) for both centers were also constrained to be equivalent, as
were the g-tensors for all fits.
A summary of the findings gleaned from the magnetic data can be found in Table 2. The
data show that in all cases, the magnetic coupling between the metal centers is antiferromagnetic
and extremely weak (0 > J> -1 cm'). This result is in line with expectations, given the nature of
the molecules. All of the complexes feature metal-metal distances in excess of 6 A, an
exceedingly long distance for an exchange mechanism of magnetic coupling to effect strong
coupling." In addition, the 7-atom bridges that represent the shortest through-bond pathway
between the metal centers are too long and too non-linear for a superexchange mechanism to
engender strong coupling.' 2 Thus, while there is some non-zero amount of coupling between the
Table 2. Effective magnetic moments and parameters derived from the fits of the magnetic data of unbridged
bimetallic cryptates
peff (expected, spin-
Compound peff (2 50 K, B.M)) only, B.M.) J12 (cm') g D (cm') E (cmf')
10-K 2Mn2  8.57 8.37 -0.1 2.0 -21.7 0.04
10-K 2Fe2  7.52 6.93 -0.3 2.2 -17.9 0.1
10-K 2 C02  6.69 5.47 -0.3 2.5 -38.9 0.2
10-K 2 Ni2 4.77 4.00 -0.7 2.4 -81.3 0.8
metal centers, it is weak. However, it should be noted that introduction of the cyano bridge to the
intermetallic cleft does not significantly increase the coupling between the metal centers (vide
infra).
These data show that the local axial anisotropy, D, is large in all cases, while the local
equatorial anisotropy, E, is weak, but non-zero. That the axial anisotropy is large matches
literature findings for trigonal monopyramidal first-row transition metal centers, 13 and is easily
explained by the axial asymmetry about the metal centers. Taking the z axis to be the metal-
metal vector and the axis about which the D parameter defines anisotropy, we can see that the
ligand field is indeed quite anisotropic. The donation to the metal centers by the apical nitrogens
on one side of the metal and the lack of any ligand trans to the apical nitrogen leads to a great
imbalance in the ligand field, which is responsible for the large D value. The fact that D is large
may be taken as further evidence that no ligand is present in the second apical position on each
metal center. The small, non-zero E value is similarly easily explained by the ligand field around
each metal center. With three anionic N-donors of the same type in the equatorial plane normal
to the z axis, the field about the equator of each metal center is approximately symmetrical. That
the value is not zero is attributable to small deviations from perfect C3 symmetry in the M-Neq
bond distances and in the Neq-M-Neq angles in the solid state. This is again in line with previous
findings. 13
3.2.5 EPR spectroscopy
Low temperature (4.2 K) X-band EPR spectra were obtained for complexes 10-K 2Mn2 and 10-
K2C0 2 as frozen DMF solutions; these spectra may be seen in Figure 6. These spectra are quite
broad, but this broadness is not believed to be an effect of aggregation, as less concentrated
samples do not display sharper spectra. The cobalt species displays an axial spectrum with gg =
4.61 and g1 = 1.70; the broadness prevents the resolution of any hyperfine coupling that might be
present. Manganese and cobalt complexes of trigonal monopyramidal geometry are very rare.
There are no reported EPR spectra for the few examples of trigonal monopyramidal
manganese(II) complexes, and in only one case has a trigonal monopyramidal cobalt(II) complex
been characterized by EPR.14 The authors do, however, state that the spectrum observed in the
case of this compound is broad, with a g value of 4.17. Unfortunately, the spectrum itself is not
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Figure 6. 4 K EPR spectra of 10-K 2Mn2 (left) and 10-K 2Co2 (right). Spectra obtained as frozen
solutions. in DMF.
supplied. The closest approximation of complexes 10-K 2Mn2 and 10-K 2C02 that can be found in
the literature, then, are trigonal bipyramidal complexes of manganese(II) and cobalt(II).
Interestingly, there are multiple examples of trigonal bipyramidal cobalt(II) complexes
that possess EPR spectra that qualitatively resemble that for 10-K 2Co2. Gatteschi and coworkers
have studied the EPR spectrum of pentakis(picoline N-oxide)cobalt(II) perchlorate in the X-
band, and observe a broad spectrum having gi = 5.67, g2 = 3.53 and g3 = 1.86. In this case, gi
and g3 seem to match the spectrum of 10-K 2Co2 fairly well, though the spectrum of 10-K 2C02
lacks an analogous g2 feature. In a later paper, the same group reported the EPR spectrum of
[CoBr(Me 6TREN)]Br, with a spectrum that qualitatively matches that of 10-K 2Co2 nicely, and
has parameters of gj = 2.27 and gi = 4.30.16 Note that the assignment of gl and gi here are
reversed relative to the assignment made for 10-K 2C02. This is due to the fact that for
[CoBr(Me6TREN)]Br, the magnitude of the feature at g = 2.27 is larger than that at g = 4.30.
This is the reverse of what is observed for 10-K 2C02; further experiments would be required to
definitively assign the identities of the g-values.
The EPR spectra of trigonal bipyramidal manganese(II) complexes are, in general, broad
and difficult to interpret, as is the case for 10-K 2Mn 2. For example,
[Mn 2(TREN) 2(NCO) 2](BPh4)2 displays a very broad spectrum over a large magnetic field range,
with several features that could not be confidently assigned. 17 Even the EPR spectrum of
manganese in pseudo-tetrahedral fields is difficult to interpret and simulate.18 Single crystal
experiments or experiments run at different frequencies may help in the clarification of the
spectrum. Variable temperature experiments might also be of interest, due to the
antiferromagnetic exchange that manifests itself at low temperatures for 10-K 2Mn2 (vide supra).
This presents procedural problems, given the propensity of DMF to absorb microwaves at
elevated temperatures as a high dielectric constant solvent, 19 but powdered samples may provide
a way around this. Another possibility would be to dope a sample of 10-K 2Zn2 with 10-K 2Mn2
to provide magnetic dilution.
3.2.6 Electrochemistry
Cyclic voltammagrams of 10-K 2M2 can be seen in Figure 7. Complexes 10-K 2Mn2, 10-K 2C0 2,
and 10-K 2Ni2 display irreversible oxidations at voltages positive of ferrocene. The reasons for
this behavior are not clear. Irreversibility of electrochemical events ordinarily indicates a bond-
making or -breaking process, but in the cases of these complexes, no productive molecular
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transformations are readily apparent. It is possible that these irreversible processes are simply
indicative of oxidative decomposition. In contrast, 10-K 2Fe2  displays reversible
electrochemistry. The cyclic voltammagram in Figure 7B exhibits two fully reversible one
electron waves at -148 mV and -309 mV relative to ferrocene. The difference between the two
oxidation potentials, AEx, is equal to 161 mV, which equates to a comproportionation constant
Kcomp of 536 via Equation 1, which assumes each couple is a one-electron process.
AEF Eq. 2
K = e RT
The separation of the electrochemical waves suggests that a mixed valent Fe(II)/Fe(III) species
may be accessible; studies in this area are ongoing. It should be noted that while iron(III) and
manganese(III) have been observed in a trigonal monopyramidal environment, 20 cobalt and
nickel have been structurally characterized in this geometry only in the +2 oxidation state. There
is a report of EPR characterization of a trigonal monopyramidal nickel(III) species, but the result
was irreproducible.14 It is possible that the restricted access to the apical binding pocket for these
species hinders their ability to display reversible electrochemistry. Qualitatively, 10-K 2Mn2 and
10-K 2Fe2 react with oxygen in an ill-defined manner, as precipitation of brown intractable solids
from DMSO solution is observed upon exposure. 10-K 2C02 and 10-K 2Ni2 display no observable
reaction with oxygen, even at elevated temperatures and pressures.
3.2.7 Mossbauer spectroscopy of 10-K 2Fe2
The M6ssbauer spectrum of 10-K 2Fe 2 was obtained at 80 K, and this spectrum is displayed in
Figure 8. This spectrum can be fit by simulating the spectrum using a single site; symmetry of
the complex and the lack of coupling between the metal centers (vide supra) causes the spectrum
to behave as though one iron site is observed. The spectrum consists, then, of a single quadrupole
doublet centered at 8 = 0.80 mm/s, with a quadrupole splitting of AEQ = 1.09 mm/s. These values
fall in the standard range for high spin iron(II) complexes, though the complex
[{N(CH 2CON'Pr)3}Fe]~, reported by Borovik and coworkers, was the first structurally
characterized example of a trigonal monopyramidal iron(II) complex and displays M6ssbauer
parameters of 6 = 1.05 mm/s and AEQ = 3.31 mm/s.2 1 Unlike 10-K 2Fe2, this compound displays
a paramagnetic M6ssbauer spectrum at 4.2 K, suggesting that it possesses a significantly
different electronic structure from 10-K 2Fe2, despite the strong structural resemblance between
the two.
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Figure 8. Mossbauer spectrum of 10-K 2Fe2. Spectrum obtained as a solid at 80 K.
It should be noted that the spectrum of this material, as well as spectra obtained for the
other iron complexes discussed in this chapter, is quite broad (line width = ca. 0.7 mm/s) when
obtained at liquid nitrogen temperatures. The origin of this broadness is not immediately clear,
and there is little literature precedent concerning the M6ssbauer spectra of trigonal
monopyramidal iron(II) that would suggest an inherent broadness to such species. One
potentially germane example of a trigonal monopyramidal iron(II) complex characterized by
M6ssbauer spectroscopy comes from the work of Stavropoulos and coworkers. Using a
tris(phenylamido)amine scaffold, they have been able to prepare a trigonal monopyramidal
mononuclear iron(II) species.2 In the M6ssbauer spectrum, two species are observed, both of
which appear to be high spin iron(II). The authors invoke minor asymmetries in the ligand field
about the metal centers, as the compound crystallizes as a potassium-bridged dimer, to explain
the presence of two sites in the M6ssbauer spectrum. It displays parameters of 6 = 0.75 mm/s and
AEQ = 0.91 mm/s (Site 1) and 6 = 0.76 mm/s and AEQ = 1.43 mm/s (Site 2). Thus, given that 10-
K2Fe2 displays a broad spectrum at low T, and possesses four iron(II) sites (Two cryptate units
per unit cell) that are slightly inequivalent in the solid state, we considered the validity of a
.... ........  -, .............     . ..... . ................ .  .................   ............ ... . ...................
multiple site fit for the M6ssbauer data for this compound. However, a simple one site fit does, in
fact, yield a satisfactory model, disregarding the unusually large linewidths. In addition, it was
discovered that the spectrum sharpens considerably upon acquisition at higher temperatures (250
K), with line widths dropping to ca. 0.45 mm/s; this data arealso satisfactorily fit with a one site
model.
3.3 - Studies of a diiron(III,III) cryptate
We were intrigued by the cyclic voltammetry of diiron(II) complex 10-K 2Fe2, as it suggests that
a diiron(III,III) complex of the type 10-Fe 2 is accessible. Accordingly, treatment of a THF slurry
of 10-K 2Fe2 with 2 equiv of silver triflate leads to homogenization and darkening of the reaction
mixture from yellow to deep crimson (Scheme 2). Filtration, drying in vacuo, and extraction into
methylene chloride yields a red-brown powder after several repetitions to ensure complete
removal of silver metal and potassium triflate. That this powder is soluble in THF and methylene
chloride is significant. A hypothetical diiron(III,III) species formulated as 10-Fe2 is charge
neutral, and thus has no potassium counterions about which an extended network could form,
which is probably the reason for this species' solubility.
The brown powder isolated via the above procedure is NMR silent. However, treatment
of this powder with 2 equiv of cobaltacene results in a mixture that, by 'H NMR spectroscopy, is
primarily diiron(II,II) complex 10-K 2Fe2 (Scheme 3), lending further credence to the assignment
of the brown powder as 10-Fe 2. Attempts to crystallize this species have not yet met with
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success, and efforts in this area are ongoing, as this molecule would represent the first charge
neutral hexacarboxamide cryptate, and it would be of great interest to compare its structure with
that of 10-K 2Fe2.
Despite these challenges, however, a M6ssbauer spectrum was obtained at 80 K; this
spectrum can be seen in Figure 10. The spectrum displays an isomer shift of 0.41 mm/s, and a
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Figure 8. Mossbauer spectrum of 10-Fe 2. Spectrum obtained as a solid at 250 K.
quadrupolar splitting of 1.07 mm/s. While the linewidths are again quite broad, the parameters
obtained by a single-site fit suggest that the complex is indeed a high-spin iron(III) compound
that is pure, at least in iron. At 5 K, this compound exhibits a complex spectrum that is difficult
to interpret, characteristic of a magnetic sample. Again, Mussbauer spectra of trigonal
monopyramidal iron(III) have not been reported in the literature, but the spectra of related
compounds are of interest. One report from the laboratory of Borovik and coworkers concerns
[N{CH 2CH 2NCONH'Bu} 3FeO]2- and [N{CH 2CH2NCONHrBu} 3FeOH]1-, which also display
paramagnetic spectra at liquid helium temperature. At 77 K, the signals collapse to quadrupole
doublets with 6 = 0.30 mm/s, AEQ = 0.71 mm/s and 6 = 0.32 mm/s, AEQ = 0.92 mm/s,
23 24
respectively.23 Another related trigonal iron(III) compound is Wannagat's Fe[N(SiMe 3)2]3, the
structure of which was elucidated by Bradley. M6ssbauer spectroscopic studies on this
compound revealed it to have parameters of 6 = 0.30 mm/s and AEQ = 5.12 mm/s. 2 6-27 Of note is
the fact that the spectrum of this compound is broadened significantly due to slow electronic
relaxation, though in contrast to the low temperature spectrum of 10-Fe2, only one peak of the
quadrupole doublet experiences this effect. Compound 10-Fe 2 requires further investigation, and
studying the magnetism of this species, as well as the electrochemistry, is something that is of
great interest.
3.4 - A bridging cyano complex of diiron cryptate 10-K 2Fe2
3.4.1 Synthesis and crystallographic studies
Along with the initial report of 10-K 2C0 2, we reported an inclusion complex wherein a cyanide
anion bridges to the two cobalt(II) centers having the formula [K(1 8-crown-6)]3Co 2(p-CN)L (10-
K3Co 2-CN). Applying the conditions used in the synthesis of this molecule to 3 also results in a
bridging cyanide complex, [K(l8-crown-6)] 3Fe2(p-CN)L, 10-K 3Fe2-CN (Scheme 4). To date,
this molecule appears to be the only example of a crystallographically characterized complex
featuring two trigonal iron(II) centers bridged by a cyanide anion. 28
A single crystal of 10-K 3Fe2-CN grown from a THF solution layered with pentane was
subjected to X-ray analysis. The solid state structure obtained can be seen in Figure 10. Crystals
of 10-K 3Fe2-CN are isomorphous with crystals of 10-K 3Co2-CN, crystallizing in P-1 and
having unit cells that differ by only 9 A3. The cyano ligand is also disordered end over end, as in
the structure of 10-K 3Co 2-CN. The ratio of cryptate units possessing a cyano ligand that is C-
2 [K(1 8-crown-6)]+
a
OAr 3 [K(1 8-crown-6)]+
1 0-(K-crown) 2Fe2  1 O-K3Fe2-CN
a) 2 18-crown-6, 4.7 KCN, 75 0C, DMF, 48 h
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bound to Fe2 vs. N-bound is 52%, comparable to the value of 63% found for the cobalt
congener. The most interesting comparisons to be made between the structures of 10-K 3Fe2-CN
and 10-K 3Co 2-CN are in the bond distances between the metal centers and the cyano ligand and
between the C and N of the cyano ligand itself. Compared to 10-K3Co2-CN, complex 10-K 3Fe2-
CN displays a longer M2-C3 bond (2.13(2) A in 10-K 3Fe2-CN vs. 2.074(18) A in 10-K 3C0 2-
CN), a Ml-N3 bond that is the same within error (2.12(2) A in 10-K 3Fe2-CN vs. 2.100(14) A in
N1
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Figure 10. Solid state structure of 1O-K 3Fe2-CN. Hydrogen atoms, crown ethers, solvents of
crystallization, and dipropoxyphenoxyl substituents omitted for clarity. Notable metrics: C3-N3 =
1.149(12) A; Fel-Fe2 = 5.3869(10) A; Fel-N1 = 2.485(4) A; Fe2-N2 = 2.407(4) A; Z(Ne-Fe1-Ne) =
340.83(26)"; (Neq-Fe2-Neq) = 344.10(29)*
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10-K 3Co 2-CN), and a C3-N3 distance that is the same within error (1.149(12) A in 10-K 3Fe2-
CN vs. 1.159(1) A in 10-K 3Co2-CN; M = Fe or Co). Complex 10-K 3Fe2-CN displays a C-N
stretch in the infrared spectrum at 2109 cm 1 versus 2129 cm-1 for 10-K 3Co 2-CN, despite having
metal centers that possess one fewer electron available for backbonding. This is indication that
the correlation between bond length of a bridging cyanide ligand and infrared stretching
frequency is more subtle in this case than a simple backbonding picture. In analogy to the
isoelectronic CO, subtle differing electrostatic properties of the metal centers may be responsible
for the observed difference. 29
3.4.2 Mossbauer studies
A low-temperature (5 K) M6ssbauer spectrum of 10-K3Fe2-CN was obtained; the spectrum can
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Figure 12. Cyclic voltammagram of 10-K 3Fe2-CN.
be seen in Figure 11. The spectrum is best modeled by a superimposition of two signals,
indicating that 10-K 3Fe2-CN possesses two inequivalent sites. Attempts to fit the spectrum with
one site led to a much poorer fit. The two signals overlap, having very similar isomer shifts: the
parameters for the two sites are 6 = 0.97 mm/s, AEQ = 2.03 mm/s and 6 = 0.99 mm/s, AEQ = 2.61
mm/s. The similarity of the isomer shift can be rationalized by the fact that the iron environments
are qualitatively very similar: both are tetrahedral iron(II), differing only in the atom, C or N, of
the cyanide ligand that coordinates to the metal center. Given the similarities of the sites,
however, the major difference in the spectral signatures of the two sites, the quadrupole splitting,
can reasonably be assigned to arising from this lone difference. Because the magnitude of the
quadrupole splitting decreases with increasing covalency of a given iron center's coordination
sphere, we assign the signal at 6 = 0.97 mm/s as arising from the iron center that is C-bound to
the cyanide ligand, because of its smaller quadrupole splitting magnitude. As such, the signal
with the larger quadrupole splitting at 6 = 0.99 mm/s is assigned to the iron that is N-bound to
the cyanide ligand.
3.4.3 Electrochemistry
The electrochemistry of 10-K 3Fe2-CN shows that upon insertion of the bridging cyanide, the
reversible electrochemistry observed for 10-K 2Fe2 is lost; the cyclic voltammagram of 10-
K3Fe2-CN can be seen in Figure 12. Instead, upon scanning cathodically, an irreversible
reduction event is observed at -3 V vs. Fc/Fc. This event does not become reversible upon
increasing the scan rate. Scanning anodically, irreversible oxidation events are observed at -970
mV and 620 mV vs. Fc/Fc. These events also do not become reversible upon increasing the
EI-
x
7-
6-
5:
4-
3-
2
1-
T I I I I . i . I I i m a a I . i a a I a I I I I e a I a
50 100 150 200 250 300
Figure 13. XT vs. T curves for cyanide-bridged bimetallic cryptates 10-K 3Fe2-CN, and 10-K 3Co2-CN.
scan rate, and are linked to the irreversible reduction event. Scanning anodically before scanning
cathodically reveals that these oxidation peaks are not observed until the reduction event is
scanned through.
3.4.4 Magnetism studies of 10-K 3Fe2-CN and 10-K 3Co2-CN
SQuID magnetic data were collected for 10-K 3Fe2-CN and 10-K 3Co 2-CN, and the data so
obtained, as well as the fits of the data (obtained in the same fashion as those for the unbridged
species discussed above), can be seen in Figure 13 and the magnetic parameters obtained from
the fits can be seen in Table 2. The metal centers in these complexes are antiferromagnetically
coupled, as they are in the parent complexes. Surprisingly, however, this coupling does not
increase significantly upon cyanide coordination, as might be expected for two metal centers
with a two atom linear bridge between them. The coupling between the metal centers of cyanide-
bridged complexes varies widely.30 Usually, because electronic communication can travel well
over the two-atom bridge, the amount of coupling is dependent on the angle of cyanide
coordination and whether the symmetry of the orbitals that the unpaired electrons from each
metal center matches. 30 Given that the cyanide linkage between the metals in these cases is
000000o d) 0 0 0 00 00 0000 0 0OOO Fe p-CN
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Table 3. Effective magnetic moments and parameters derived from the fits of the magnetic data of cyanide-
bridged bimetallic cryptates
peg (expected, spin-
Compound geff (300 K, B.M) only, B.M.) J12 (cm 1) g D (cm') E (cm)
10-K 3Fe 2-CN 7.26 6.93 -0.4 2.1 -14.5 0.2
10-K 3Co2-CN 5.76 5.47 -0.7 2.1 717.5 0.1
essentially linear, and the orbital occupancy for both metal ions should be the same, one would
expect strong antiferromagnetic coupling, and the fact that this is not observed is somewhat
surprising. However, in this case, the peculiarly long distance between the metal centers found in
both 10-K 3Fe2-CN and 10-K 3Co2-CN, most likely enforced by the phenylene spacers
necessitating a large distance between the TREN binding pockets, may be playing an important
role. Given that the metal-metal distances for these complexes are 5.3869(10) A and 5.3263(9)
A, respectively, and these distances are longer than any Fe-C-=N-Fe or Co-C=N-Co distances
reported in the Cambridge Structural Database, 28 it may very well be that the distances observed
here are too long for strong coupling between the metal centers due to strained overlap between
the metal d orbitals and the orbitals of the cyanide ligand.
3.5 - Conclusions and future directions
This investigation has expanded the cryptand knowledgebase. We have elaborated upon our
original report of a dicobalt(II) cryptate using a hexacarboxamide cryptand as an sextuply
anionic ligand, showing that a range of first row transition metals can be supported in the +2
oxdiation state; the solid state structures and spectroscopic properties of these species have been
reported and contrasted here. Generally, these species exhibit irreversible electrochemistry, but
the diiron(II) complex exhibits reversibility in its cyclic voltammagram and can be chemically
oxidized to create a neutral diiron(III) complex of this ligand, the first neutral cryptate featuring
no exogenous ligands coordinated to the metal centers. Further, complexation of cyanide anion
to the iron centers in the diiron(II) complex results in a bridging cyano species, in analogy to the
previously reported dicobalt(II) bridging cyanide, and these structures have been contrasted.
This fundamental study has led to a greater understanding of the nature of the binding
ability of hexaanionic cryptands toward transition metals. The insertion of small molecules into
the intermetallic cleft remains a significant challenge. Thus, while the highly soluble ligand 10-
H6 has allowed us to achieve the synthetic goal of synthesizing complexes of hexaanionic
cryptands, it may in doing so have created the problem of inhibiting the reactivity of such
species. The Appendix lays the ground work for a reinvestigation of the behavior of 6-H6 as a
ligand, including tantalizing results with regard to the monometalation thereof and the intriguing
reactivity of a monometallic cobalt complex with cyanide anion. It is hoped that the knowledge
gained in the first three chapters of this thesis will inform the way for significant new advances
to be made in complexes of this type, not only in our own laboratories, but also in those of others
interested in cryptand complexes and bimetallic species in general.
3.6 - Experimental section
3.6.1 General synthetic considerations
All manipulations were performed either using Schlenk techniques or in a nitrogen-atmosphere
glovebox. All reagents were purchased from Aldrich. Solvents (EMD Chemicals Inc.) were
purified on a Glass Contour Solvent Purification System built by SG Water USA, LLC. Celite
was dried under vacuum at a temperature greater than 200 *C for two days. UV/vis spectra were
obtained on a Cary 5000 spectrophotometer. IR spectra were obtained on a Perkin-Elmer Model
2000 FT-IR spectrophotometer. Cyclic voltammetry was performed using BAS CV-50W
Voltammetric Analyzer potentiostat. SQuID magnetometry was performed on a Quantum Design
AC and DC Magnetic Property Measurement System. Mdssbauer spectra were recorded on an
MSI spectrometer (WEB Research) and referenced to metallic iron. The spectra were fit using
the program WMOSS (WEB Research). NMR solvents were obtained from Cambridge Isotope
Laboratories, Inc., and 'H and "'C{'H} NMR spectra were obtained on Varian 300 MHz and 500
MHz spectrometers and are referenced to residual protio-solvent signals. EPR spectra were
obtained on a Bruker EMX spectrometer equipped with an ER 4199HS cavity and Gunn diode
microwave source. Spectra were obtained using X-band radiation. Elemental analyses were
performed by Midwest Microlabs, LLC.
3.6.2 K2(DMF)6 Mn 2C72H 4N8O15 (10-K 2Mn2).
A slurry of 10-H6 (234 mg; 179 pimol) and Mn(OAc) 2 (62 mg; 360 pmol) was stirred in 1 mL of
DMF for 30 minutes (Slurry 1). The mixture was frozen in the glove box cold well, as was a
solution of KN(SiMe3)2 (218 mg; 1.09 mmol, Solution 2) in 1 mL of DMF. As the solutions
thawed, Solution 2 was added to Slurry 1 and allowed to warm to glove box temperature over the
course of two hours. The reaction mixture became slightly yellow over the course of the reaction.
The reaction mixture was filtered to remove precipitated potassium acetate. To the filtrate was
added 10 mL of ether dropwise with rapid stirring. A white powder precipitated and was
collected by filtration. This precipitate was washed with 12 mL of 5:1 ether:DMF and dried in
vacuo. The powder comprised 183 mg (94.6 ptmol, 53%) of analytically pure product. Elemental
analysis confirms the presence of 6 DMF molecules per Mn2C72Hs4N8Ois unit. Crystals suitable
for X-ray diffraction studies were grown by vapor diffusion of ether into a concentrated DMF
solution of the product. Anal. Calc'd (found) for C90H 126N 140 21K2Mn2: C, 56.06 (55.51); H, 6.59
(6.55); N 10.17 (10.45).
3.6.3 K2(DMF)Fe2C72H 4N8O15 (10-K 2Fe2).
Complex 3 was synthesized in the same fashion as complex 2 above, using 1.051 g (804 pimol)
of 1, 278 mg (1.60 mmol) of Fe(OAc) 2, and 978 mg (4.90 mmol) of KN(SiMe 3)2. Yield: 839 mg
(435 pimol, 54%) of a yellow powder. 1H NMR (300 MHz, DMSO-d 6, 6, all signals
paramagnetically broadened): 78.05, 62.45, 38.60, 8.02, 2.86, 2.78, 2.37, 0.63, -0.97, -1.17,
-1.91, -4.62, -27.71. Anal. Calc'd (found) for C90H 12 6N 14 0 2 1K2Fe 2: C, 56.01 (55.70); H, 6.58
(6.24); N 10.16 (9.72).
3.6.4 K2(DMF)6 Ni 2C72H 4N8Ois (1O-K 2Ni 2).
Complex 5 was synthesized in the same fashion as complex 2 above, using 440. mg (336 pmol)
of 1, 119 mg (675 pimol) of Ni(OAc) 2, and 409 mg (2.05 mmol) of KN(SiMe3)2. Yield: 254 mg
(131 ptmol, 39%) of an orange-pink powder. 1H NMR (300 MHz, DMSO-d, 6, all signals
paramagnetically broadened): 65.90, 48.64, 12.30, 8.00, 4.03, 3.42, 2.84, 2.76, 0.83, 0.66, -0.24,
-0.61, -18.10. Anal. Calc'd (found) for C9 0H1 2 6N 14 0 21K2Ni2 : C, 55.85 (56.47); H, 6.56 (6.60); N
10.13 (10.23).
3.6.5 K2(DMF)6 Zn2C72H 4N8O15 (10-K 2Zn2).
Complex 6 was synthesized in the same fashion as complex 2 above using 124 mg (95.1 pimol)
of 1, 35 mg (190 pimol) of Zn(OAc) 2, and 169 mg (579 ptmol of KN(SiMe3)2. Yield: 98 mg (50.
tmol, 53%) of a white powder. 1H NMR (300 MHz, DMF-d7 , 6): 7.90 (t, 3H), 6.63 (d, 6H), 6.49
(d, 6H), 6.17 (t, 3H), 4.00, (t, 12H), 3.90 (m, 6H), 2.95 (m, 6H), 2.73 (m, 6H), 2.56 (m, 6H), 1.72
(m, 12H), 0.98 (t, 18H). "C NMR (75 MHz, DMSO-d6 , 6): 173.33, 162.34, 160.37, 160.29,
155.60, 143.93, 121.88, 116.20, 99.29, 96.64, 69.14, 54.16, 41.78, 35.80, 30.77, 22.08, 10.42.
Anal. Calc'd (found) for C90H12 6N 140 21K2Zn 2 : C, 55.46 (55.97); H, 6.52 (6.37); N 10.06 (9.26).
3.6.6 Fe2C72H8 4N8O15 (10-Fe 2).
In a 20 mL scintillation vial, 41 mg (0.158 mmol; 2.1 equiv) of silver triflate was dissolved in 2
mL of THF. This solution was frozen. Upon thawing, 144 mg (0.0746 mmol; 1 equiv) of 10-
K2Fe 2 that was chilled to 77 K was added to the solution as a solid; remnants were washed in
with 2 mL of THF. The reaction mixture was allowed to stir for 1.5 h, during which time, the
reaction mixture became deep red. The reaction mixture was filtered through Celite and the filter
cake was washed with THF until the runnings were clear. The reaction mixture was taken to
dryness in vacuo, and triturated twice with hexane. The brown solid was then dissolved in 2 mL
of methylene chloride, and again filtered through Celite. The filtrate was taken to dryness in
vacuo, and the solid so obtained was triturated twice with 2 mL of hexane. The brown solid was
dissolved in 1 mL of methylene chloride and filtered through Celite. This was the first filtration
for which no solids were observed to be filtered off. A brown solid was precipitated from
solution with hexane, and collected by filtration. Yield: 96 mg (91% if formulated as 10-Fe 2).
Anal. Calc'd (found) for C72H84N8O15Fe 2 : C, 61.19 (54.51); H, 5.99 (5.57); N, 7.93 (7.01).
3.6.7 [K(C12H2406 )]2Fe2C72H 4N8O15 (10-(K-crown) 2Fe2).
A 1 mL methylene chloride solution of 22 mg (0.083 mmol, 2.9 equiv) of 18-crown-6 was added
to solid stirring 56 mg (0.029 mmol, 1 equiv) 10-K 2Fe2. This reaction mixture was allowed to
stir for 1 h. To the solution was added 2 mL of ether, and the reaction mixture was filtered and
stored in a -35 'C freezer. After several weeks, large pale yellow blocks formed. Yield: 48.0 mg
(0.024 mmol, 82%).1H NMR (300 MHz, DMSO-d6 , 6, all signals paramagnetically broadened):
78.05, 62.45, 38.60, 3.38, 2.37, 0.63, -0.97, -1.17, -1.91, -4.62, -27.71. Anal. Calc'd (found)
for Cio9Hi 56N90 33K3Fe 2 : C, 57.08 (57.03); H, 6.59 (6.66); N, 5.55 (5.52).
3.6.8 [K(C12H2406)]3Fe2(pt-CN)C 72H84N8Ois (10-K 3Fe2-CN).
In 3 mL of DMF was dissolved 187 mg (92.6 imol) of [K(1 8-crown-6)] 2Fe 2C72H 4N8O15 and 50.
mg (190 ptmol) of 18-crown-6. To this mixture was added 20. mg (304 pimol) of potassium
cyanide. This reaction mixture was sealed in a glass thick-walled vessel and heated at 75 'C with
stirring for 48 h. At this point, the reaction mixture was filtered, and the filtrate was taken to
dryness. The solid product so obtained was crystallized by vapor diffusion of ether into a
concentrated THF solution overnight. The crystalline material so obtained was washed with 5
mL of 2:1 ether:THF and dried in vacuo. The product comprised 151 mg (64.1 pmol, 69%) of
bright yellow crystals. Crystals suitable for X-ray analysis were grown by layering a THF
solution with pentane. 'H NMR (300 MHz, CDCl 3, 6, all signals paramagnetically broadened):
40.26; 36.45; 23.34; 19.48; 7.61; 6.65; 4.65; 3.55; 2.08; 1.26; -1.01; -50.56; -62.09; -79.60. Anal.
Calc'd (found) for Cio9Hi 56N9 O33K3Fe 2: C, 55.72 (55.45); H, 6.69 (6.58); N, 5.37 (5.38).
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3.7 - Crystallographic details
Low-temperature diffraction data were collected on a three-circle diffractometer coupled to a
Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo Kc radiation (A =
0.71073 A) for the structure, performing $-and co-scans. The structures were solved by direct
methods using SHELXS and refined against F2 on all data by full-matrix least squares with
SHELXL-9731 using established methods. 32 All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included into the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups). Disorders were refined in SHELXL using rigid bond restraints as well and
similarity restraints on the anisotropic displacement parameters for neighboring atoms, and on
1,2- and 1,3-distances in disordered components. Occupacies of disordered components were
restricted to adding to unity and allowed to refine freely. Thermal ellipsoid plots were generated
using PLATON. Details relating to each structure reported in this Chapter may be found in Table
4.
101
Table 4. Crystallographic data for complexes reported in Chapter 3.
_ 10-K 2Mn2 10-K 2Fe2 10-K 2Ni2
Formula
FW
Crystal System
Space Group
a, A
b,Ak
c, A
a, deg
P, deg
y, deg
V, A3
z
radiation, A
D (calc'd), g/cm 3
t, mm
temp, K
no. reflections
no. ind. ref. (Rint)
F(000)
GoF (F2)
R(F), %a
wR(F), %a
a Quantity minimixed = wR(F)
Max(F0 ,0)]/3.
C85ssoH115. 50N 12.500 19.5 oK2Mn2
1818.48
Monoclinic
22.2170(5)
35.2641(8)
27.4328(8)
90
112.4350(10)
19865.9(9)
8
1.54178 (Cu Ka)
1.216
3.377 (Cu Ka)
100(2)
187112
34562 (0.0476)
7680
1.007
5.87
C85.soH 115. 50N12.500 19.5oK2 Fe2
1820.30
Monoclinic
Cc
22.457(3)
35.297(4)
27.478(3)
113.230(2)
90
20015(4)
0.71073 (Mo Ka)
1.208
0.440 (Mo Ka)
100(2)
129043
35478 (0.0572)
7696
1.102
6.78
17.31
C85.5oH1 15.50N12.50019.soK 2 Ni2
1826.02
Monoclinic
Cc
22.2311(4)
35.1796(6)
27.2846(5)
90
112.8460(10)
19664.8(6)
1.54178 (Cu Ka)
1.234
1.797 (Cu Ka)
100(2)
180344
32284 (0.376)
7728
1.052
6.10
17.35
=[w(Foz - F, 2 2/E(wFo2 2]"; R = EA/E(Fo), A = (Fo - Fc)I, w = 1/[2(F 2) + (aP)2 + bP]; P = [2Fez +
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Table 4, continued.
10-K2Zn2 10-K3Fe2-CN
Formula
FW
Crystal System
Space Group
a, A
b, A
a, deg
P, deg
y, deg
V, A3
z
radiation, A
D (calc'd), g/cm 3
pt, mm-
temp, K
no. reflections
no. ind. ref. (Rint)
F(000)
GoF (F 2)
R(F), %a
wR(F), %a
a Quantity minimixed = wR(F2) = E[w(Fo2 -
Max(Fo,0)]/3.
C 8 5 5oH115. 50N
1839.34
Monoclinic
12.50019.50 K2Zn2
Cc
22.2621(14)
35.414(2)
27.293(2)
90
112.8160(10)
90
19833(2)
0.71073 (Mo Ka)
1.232
0.635 (Mo Ka)
100(2)
214790
52943 (0.0531)
7760
1.021
5.82
14.55
C121HI8oN90 36K3Fe2
2565.74
Triclinic
P-1
15.0668(2)
17.0823(3)
29.0767(5)
92.8330(10)
90.3590(10)
115.2440(10)
6757.57(19)
1.54178 (Cu Ka)
1.261
3.187 (Cu Ka)
100(2)
135866
23812 (0.0500)
2732
1.053
7.81
21.37
Fe2)2/I(wFo2)2] 2; R = EA/(F), A = |(Fo - Fe)|,w = 1/[a2(F 2) + (aP)2 + bP]; P = [2Fc2 +
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4.1 - Introduction
With the knowledge garnered during the exploration of the chemistry of 10-H 6 and its metal
complexes, we began to ask questions about whether revisiting the chemistry of 6-H6 was a
worthwhile venture. Certainly, the synthesis of this ligand is much less cumbersome than that of
its more soluble relative, which, if appropriate purification and metalation procedures could be
found, represents an attractive potential inroad to the chemistry of hexacarboxamide cryptates. In
addition, we wondered whether the solubilizing polyether fragments were negatively affecting
the overall steric properties of that system, leading to reduced reactivity. Thus, we set out to
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reinvestigate 6-H 6 , searching for ways to obtain purer material than that employed in Chapter 1.
A serendipitous discovery led to the crystallization of 6-H 6 , and the crystal structure of this
species is reported. Interestingly, while experiments directed at the monometalation of 10-H6 led
to intractable product mixtures, attempts to monometalate 6-H 6 met with success. Smooth
monometalation can be achieved using a modification of the procedure used to metalate 10-H6 ;
herein are reported studies on the monometalation of 6-H 6 with zinc and cobalt. The monocobalt
species, 6-KCoH 3, has been crystallized and the structure is reported here. Bimetallic complex 6-
K2Co2 has also been synthesized and crystallized; its solid state structure is also reported. In
addition, early looks into the reactivity of 6-KCoH 3 are discussed.
4.2 - Synthesis and structure of a t-butyl-substituted cryptand
Previously, 6-H6 had been synthesized by a high-dilution reaction between 3 equiv of bis(2,5-
dioxopyrrolidin-1-yl) 5-t-butylisophthalate and 2 equiv of TREN. This reaction results in the
precipitation of material that seems pure by NMR, but, even after filtration through an alumina
plug, does not pass elemental analysis. However, it was discovered that filtration of a slurry of
this material in 15% methanol in methylene chloride through Celite, followed by chilling of the
filtrate to -25 'C overnight, led to the precipitation of a fine white solid. This solid can be
isolated by filtration. Gratifyingly, when purified by this method, this material does pass
elemental analysis when formulated as 6-H 6. Investigation of this material under a microscope
shows that it is composed of regular octahedral crystals of uniform size; these crystals are far too
small for an X-ray diffraction study.
However, an DMF/ether solution of this material produced X-ray quality crystals upon
standing. The crystal structure thus obtained can be seen in Figure 1. The diffraction patterns for
the crystal are strong (to 0.82 A, the resolution limit of the instrument the data was collected on),
but the solution to this structure poses some problems. Initial refinement suggests that P21/c is
the preferred space group. However, the RI value for the solution in this space group is high
(27%). Changing the space group to the triclinic P-1, despite the fact that a and y are almost
exactly 90', lowers this value to 20%, but does not improve the structure to the point of
publication quality (see Table 1 for a summary of the crystallographic data for this species).
There is no visible disorder in this structure, and, in addition, an analysis using PLATON'sI
TwinRotMat function suggests that the crystal is not twinned. It is not yet clear how the solution
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to the structure can be improved to bring the statistics down to an acceptable level. However, the
data set is sufficient to provide a picture of the connectivity of the ligand. Like 10-H6, this
compound represents a rare example of a guestless hexacarboxamide cryptand; no electron
density was observed in the cavity of the ligand, beyond that associated with the carboxamide
hydrogen atoms. In addition, no water is present in the lattice, and the structure thus provides
another example of the uninterrupted extended hydrogen bonding network of a hexacarboxamide
cryptand. In analogy to 10-H6, the cryptand engages in both inter- and intramolecular hydrogen
Figure 1. Solid state structure of 6-H6. Hydrogen atoms, excepting carboxamide hydrogens, solvents
of crystallization, and t-butyl groups omitted for clarity. Selected distances: H101-0201: 2.05(3) A;
H102-0301: 2.15(8) A; H201-0502c: 2.16(7) A; H202-0302: 2.25(4) A; H302-0601a: 1.98(4) A;
H301-0201: 2.38(6) A; H402-0301: 2.15(7) A; H501-0102: 1.97(4) A.
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bonding; indeed, the structure of 6-H6 is qualitatively highly reminiscent of that of 10-H6 . Each
cryptand unit engages in four intermolecular hydrogen bonds, resulting in extended two
dimensional sheets of cryptands, with the b axis perpendicular to the sheets. There are also four
intramolecular hydrogen bonds, with two carboxamide oxygens within distance to accept
hydrogen bonds from two other carboxamide N-H groups each.
4.3 - Metalation studies on cryptand 6-H75
With the ligand in hand, and confident of its purity, we sought to explore its metalation
chemistry. As an initial foray into this area, we were interested in metalating the cryptand with
zinc(II) ions, as a way to probe the behavior of the system in such a manner that would be
facilitated by 'H NMR studies. As such, we employed the metalation strategy that had met with
success in the formation of cryptates 10-K 2 M2 . To our surprise, a 'H NMR spectrum of the crude
reaction mixture (Figure 2) revealed that two species were present in roughly equal amounts.
* = DMSO
* =DMF
= Monometallic
= Bimetallic
8 7 6 5 4 32pp
1.65 1.60 3.06 1.46 4.22 8.22 20.41 13.39 2.06
1.30 1.60 1.44 4.54 1.97 16.42 1.98 14.70
Figure 2. 1H NMVR spectrum of crude reaction mixture for metalation of 6-H-1 with zinc showing the
presence of both mono- and bimetallic products.
SThe initial discovery and optimization of the monometalation procedure as well as the purification of the product
described in this chapter were performed by the author of this dissertation. The crystal for X-ray analysis was
obtained by Dr. Nazario Lopez, and the structure was solved by Dr. Peter Muller.
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Scheme I
- -. s,.. 72 K+ ,-.K+
0 0 Q Q'
N N 2~2Zn(OAc) 2 NNNN
H H 6.1 KN(SiMe 3)2  I I H I
.NHH H HN 6 Co NZ Zn-N N HH Zn-NDMF, -61 NC to rt
N NN
6-H6  6-K 2Zn2  6-KH3Zn
Neither of these compounds displayed resonances consistent with free ligand 6-H6 , and we thus
tentatively assigned the two species as the bimetallic 6-K 2Zn2 and the monometallic 6-KH 3Zn
(Scheme 1). Further, it was discovered that these two materials could be separated by their
solubility properties, such that 6-KH 3Zn could be precipitated in moderately pure form as judged
H NMR spectroscopy by addition of ether to the filtered reaction mixture. The 'H NMR
spectrum of this material can be seen in Figure 3. There are several features of this spectrum
= DMSO
=DMF
8 7 6 5 4 3 2 ppmLO Ly.S m.,a.5  L 1rl 9.0L%% 'rLA L~lV
1.06 2.46 2.36 1.80 0.860.29 10.89 2.99 3.64 24.021.98
2.30 2.57 2.50 2.53.80 3.11 11.3214.65 1.65 2.46 0.47
Figure 3. 
1
H NMR of crude monometalated product 6-KH
3 Zn after precipitation from solution.
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Scheme 2
2 K+ ,..K+
0 O' OOO1
N N Co(OA 'c)2  N NNNH H 6.1 KN(SiMe 3)2  I
0 NH HH HN DMF, -61 0C to e N-Co Co-N + NHH Co-N
DMF ~N NN
6-H6  6-K2Co2  6-KH3Co
worth noting. The first is the broadened triplet at 6 7.30. This peak displays the integration,
multiplicity, and broadness that would be expected for the N-H proton were only one side of the
cryptand to be metalated. Further, the presence of three resonances attributable to aryl protons
despite the presence of but one t-butyl resonance suggests an asymmetry in the aryl rings that
would be expected for monometalation, but not bimetalation. Lastly, the methylene region (6 2-
4) is far more complex than that for 10-K 2Zn2, diastereotopic protons notwithstanding. This is
*= DMSO
=DMF
= Monometallic
= Bimetallic
10 8 6 4 2 0 -2 -4 -6 ppn
5.72 2.75 3.01 14.97 0.97 2.14 1.90
22.82 13.23 15.329.66 3.45 2.11 1.95
Figure 4. 1H NMR (diamagnetic and near paramagnetic regions shown) spectrum of crude reaction
mixture for metalation of 6-H 6 with cobalt showing the presence of both mono- and bimetallic products.
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Scheme 3
7K+
/I\ 1.5 Co(OAc)2N N N NC H H 4.5 KN(SiMe 3)2  H I
N HH HHN DMF, -61 C to rt NClNrsV 18 h, 73% 4 N
6-H 6  6-KH3Co
again unexpected for bimetalation, but perfectly reasonable for monometalation.
Simultaneously, we were exploring the possibility of the synthesis of a bimetallic system
that was open shell, and might be useful in small molecule activation chemistry. The attempted
synthesis of a dicobalt(II) complex of 66 met with similar curious results, however (Scheme 2).
The species formed in this synthesis were not NMR silent, in contrast to what was originally
believed about complexes of this type (see Chapter 1). However, the 'H NMR spectrum (Figure
4) displayed what appeared to be two resonances attributable to t-butyl groups, at 8 5.13 and 6
6.71, based on their size relative to the other features in the spectrum. We suspected that a
situation similar to what was being seen in the attempted synthesis of the zinc complex was
being observed, namely, that both the monometallic and bimetallic compounds, 6-K 2Co 2 and 6-
KH3Co, were present. However, in making both the monometalated and bimetalated species,
yields were lower than desired, on the order of 33% after precipitation from the reaction mixture.
Thus, it was decided that a new metalation procedure was necessary. Attempts to simply
use the proper stoichiometry (that is, 1 equiv of metal acetate and 3 equiv of potassium
hexamethyldisilazide per equiv of cryptand) were frustrated by similarly low yields after
isolation. Use of the same stoichiometry with a different addition order, with the base being
added to the metal precursor, followed by addition to a slurry of 6-H 6 in DMF resulted in
significantly cleaner transformation, yet even after stirring overnight, the reaction did not
proceed to completion. Heating did not further the reaction's progress. We thus arrived at the
metalation procedure described in Scheme 3. Treatment of 1.5 equiv of cobalt(II) acetate with
4.5 equiv of potassium hexamethyldisilazide in DMF results in a forest green mixture after one
hour of stirring. This mixture is filtered to remove potassium acetate, and the filtrate is added
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= DMSO
=DMF
8 6 4 2 -0 -2 -4 -6 -8 pPn
4.59 27.00 1.28 3.30 2.88
0.61 36.538 6.42 3.20 4.67
Figure 5. 1H NMR (diamagnetic and near paramagnetic regions shown) spectrum of crude reaction
mixture for clean monometalation of 6-He with cobalt.
dropwise to a stirring slurry of 6-H6 in DMF. This reaction mixture is stirred overnight. Upon
pumping this reaction mixture down, one product is observed in the 'H NMR spectrum (Figure
5). It is not yet clear why superstoichiometric quantities of the cobalt acetate and base are
required for this reaction to proceed to completion. It is interesting that there are enough
resonances clearly visible that it seems that every proton along one "arm" of the cryptand is
inequivalent, even on the unmetalated side. In addition, the N-H proton accounts for one of the
resonances. This material is teal, in analogy to 10-K 2C02, and can be crystallized by vapor
diffusion of ether into a DMF solution in good yield (73%); 'H NMR spectroscopy and
elemental analysis confirm the formulation of the compound being associated with 3 equiv of
DMF, presumably bound to the potassium ion. Crystals that were near X-ray quality can be
obtained upon addition of ether to a DMF solution to the point of cloudiness and allowing this
suspension to stand. These crystals appear single when viewed under the microscope, and
qualitatively appear single, judged by the diffraction pattern. They did, however, diffract too
weakly for a crystal structure to be obtained.
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Figure 6. Solid state structure of 6-KH3Co. Anion only shown. Thermal ellipsoids at 50% probability. H
atoms, K* counterions, and solvents of crystallization omitted for clarity. Notable metrics:
Crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of ether
into a DMF solution, and the structure obtained from one of the crystals is shown in Figure 6.
This structure verified our initial hypothesis of monometalation, and allows for a rare look at a
monometalated cryptand. There are a few reports in the literature of monometallic complexes of
binucleating cryptands. Several involve lanthanide complexes of phenolate-spaced cryptands.2 4
There is a report of a monometallic nickel complex of a cryptand featuring amines as the sole
donors,5 but this species was not characterized structurally. The only crystallographically
characterized monometallic cryptand is a copper(II) complex of a hexaimino ligand, but even
here the cryptand ligand features pyridazine spacers that complete the coordination sphere of the
copper ion such that its geometry is best described as distorted octahedral. 6 In contrast, the
structure of 6-K H3Co shows the cobalt center residing in one of the TREN binding pockets in
trigonal monopyramidal geometry. The other TREN moiety is unmetalated, and as such, retains
three undeprotonated carboxamide residues. The unmetalated TREN residue may serve two
functions in future reactivity studies: first, it will most likely shield the metal center from
bimetallic reactivity completely, allowing for the study of the interaction of small molecules with
but one cobalt center. Second, the N-H units may serve as hydrogen bond donors to small
molecules that enter the cryptate and react with the metal center, or stabilize terminal ligands, in
114
..........
Figure 7. Solid state structure of 6-K2Co2. Anion only shown. Thermal ellipsoids at 50% probability. H
atoms, K* counterions, t-butyl groups, and solvents of crystallization omitted for clarity.
analogy to Borovik's work on terminal oxides and hydroxides of iron and manganese.7-9 This
exciting type of reactivity is beginning to be explored (vide infra).
As hinted at above, 6-H6 is also capable as serving as a binucleating scaffold, and as
such, a synthesis of the dicobalt complex 6-K 2 Co2 was undertaken. This compound is of interest
for several reasons. A structural comparison between this compound and the analogous 10-
K2C0 2 might be instructive in gauging the effect of the different substituents on the sterics of the
cavity; in addition, while we have seen the structure of 6-Li2Co 2, having a procedure that
proceeds in good yield and a compound of verifiable purity is of interest, as well as is the
comparison between 6-Li 2Co2 and 6-K 2Co2 , to observe the effect of the countercation on the
structure. Accordingly, treatment of a solution containing an excess of Co(OAc) 2 and potassium
hexamethyldisilazide with 6-KH 3Co results in smooth formation of the desired 6-K 2Co2. This
compound can as well be crystallized by vapor diffusion of ether into a DMF solution, and the
structure obtained from X-ray analysis can be seen in Figure 7. It is notable that the crystal for
this study was not obtained from surrounding non-crystalline material, but rather a large amount
of like-colored crystals. Some amount of highly air-sensitive material was also observed;
currently, our hypothesis is that this material is the material left over from the reaction of
cobalt(II) acetate and potassium hexamethyldisilazide. In analogy to 10-K 2C02, this compound
features two cobalt centers in trigonal monopyramidal geometry. Interestingly, the Co-Co
distance is 6.2681 A, a value that is between those observed for 6-Li2Co2 (6.0731 A (avg)) and
10-K 2Co2 (6.408 A (avg)). That the Co-Co distance is longer for 6-K 2Co2 than for 6-Li2 Co2 is
most likely an effect of the different cation and the packing effects altered thereby, while the
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difference between 6-K 2Co 2 and 10-K 2C02 may be a result of the different steric properties of
the substituents found in these compounds.
4.4 - Preliminary reactivity studies on 6-KH3Co
With a synthesis of 6-KH3Co that is reproducible and high-yielding in hand, we sought to
explore the reactivity of this species. It was hoped that with only one side of the cryptand having
been metalated, exogenous ligands might more easily access the cavity of the cryptate and
perform useful chemistry with the metal center. However, initial studies with gaseous substrates
were not fruitful: no reaction is observed under an atmosphere of 02 overnight, and treatment
with 1 equiv of nitric oxide results in decomposition leading to free ligand as the primary
product, as judged by 'H NMR spectroscopy.
In spite of this, we realized that reactivity with cyanide anion would be a good measure
of the relative reactivity of this species in comparison to 10-(K-crown) 2Co 2. As described in
Chapter 2, reactivity of 10-(K-crown) 2Co 2 with KCN is sluggish, and requires elevated
temperatures and extended reaction times. In contrast, treatment 6-KH 3Co with a DMSO
solution containing 1 equiv of TBACN (Scheme 4; TBACN = tetrabutylammonium cyanide)
leads to an immediate color change, from the teal of the starting material to a vibrant purple. 'H
NMR spectroscopy indicates that this reaction is incomplete after 30 min of stirring, in spite of
the fast color change, but a new species with a paramagnetically broadened t-butyl resonance
appears cleanly at 6 2.34, while starting material is clearly present. Intriguingly, the spectrum of
this reaction mixture remains unchanged after several days. The incompleteness of this reaction
Scheme 4
,,..K+ ... K+, TBA+
0 0 o 0
N N N N
H I TBACN H I
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despite the seemingly low kinetic barrier to transformation may indicate that an equilibrium
process is taking place in this reaction, suggesting that entry and exit from the cryptate cavity is
facile. A control was run alongside this experiment to investigate the reaction between 10-K 2C02
and TBACN; no reaction was observed after several days. The lability of high-spin cobalt(II) is
well-known, and reversible substrate binding for trigonal monopyramidal cobalt(II) species has
been reported.' 0
Reactivity between 6-KH3Co and potassium superoxide has been dicovered, though as of
yet, the product of this reaction is unknown. Treatment of a solution of 6-KH3Co with an excess
of potassium superoxide results in a color change from teal to violet, along with clean
transformation as observed by NMR spectroscopy. It is currently postulated that the
transformation taking place is coordination of the superoxide anion to the cobalt center with
concomitant oxidation to cobalt(III) and reduction of the superoxide moiety to an end-on peroxo,
though further studies are required to verify this hypothesis.
4.5 - Conclusions and future directions
Initial studies regarding the chemistry of 6-H6 were difficult, and pure complexes were not
obtained. However, recent work has shown that, now that pure ligand can be obtained, 6-H 6 is
indeed able to form transition metal complexes of interest in good yields. Here has been reported
the structure of 6-H 6 , as well as initial forays into the synthesis of metal complexes. We have
also shown that is it possible to synthesize monometallic species using this ligand, a goal that
was unfulfilled with 10-H6 . This could lead this work in exciting new directions, such as
heterobimetallic complexes, wherein the performance of chemistry on small molecule substrates
could be tuned by the choice of the two transition metals. Even simply considering the transition
metals of which complexes have been described in this work (Mn, Fe, Co, Ni, Zn) would leads to
a library of nine potential complexes, to say nothing of the five homobimetallic complexes, of
which the chemistry is entirely unexplored. In addition, the accessibility of monometallic
complexes could yield an interesting field of study unto itself: Borovik and coworkers have
explored the reactivity of trigonal transition metal complexes with a hydrogen bonding pocket
that is four atoms away from the metal, and discovered the utility of the hydrogen bonding
pocket.7 Monometallic complexes of the type described here have a very similar hydrogen
binding pocket that is significantly further away, and could potentially be used to stabilize longer
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functionalities that occupy the second apical site of the transition metal. Further, the accessibility
of the cryptand cavity that has been demonstrated by the reversible cyanide binding may make
chemistry such as this attainable in a simple fashion. In addition, clean metalation procedures
may allow for the elucidation of the mechanism by which the bridging hydroxide ligand came to
reside in 6-K 3Mn 2-OH. It is entirely conceivable that introduction of an exogenous ligand to the
cavity could be followed by a second metalation event, as well. This may be of interest,
depending on the behavior of bimetallic species towards small molecules: if the cryptate "locks
down" and access to the cavity is restricted upon the second metalation, prior introduction of the
small molecule to be studied might be of great utility. In short, this endeavor is really just
beginning to show its true potential, and could very easily be fertile ground for future
researchers.
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4.6 - Experimental section
4.6.1 General synthetic considerations
All manipulations were performed either using Schlenk techniques or in a nitrogen-atmosphere
glovebox. All reagents were purchased from Aldrich. Solvents (EMD Chemicals Inc.) were
either used as received or purified on a Glass Contour Solvent Purification System built by SG
Water USA, LLC. NMR solvents were obtained from Cambridge Isotope Laboratories, Inc., and
'H and "C{ 1H} NMR spectra were obtained on a Varian 300 MHz spectrometer and are
referenced to residual protio-solvent signals. Elemental analyses were performed by Midwest
Microlabs, LLC.
4.6.2 Hexacarboxamide cryptand 6-H6
In a 5 L roundbottom flask was dissolved 24.60 g (59.1 mmol, 3 equiv) of 7 in 2.8 L of
methylene chloride. To this stirred solution was added 5.76 g (39.4 mmol, 2 equiv) of TREN.
This reaction mixture was then refluxed for 60 h, during which time a some material precipitated
out. After the allotted time, the reaction mixture was reduced in volume via rotary evaporation to
250 mL. The reaction mixture was filtered, and the white solid so obtained was washed with
fresh methylene chloride. The solid was then dissolved in 250 mL of 15% methanol in methylene
chloride and chilled to -25 *C overnight. The white solid that precipitated from solution was
collected by filtration and dried at 80 'C under vacuum overnight. Yield: 0.86 g (1.0 mmol; 5%).
H NMR (300 MHz, CD 30D, 6): 8.61 (br, 9 H), 8.14 (s, 6 H), 3.40 (br, 12 H), 2.74 (br, 12 H),
1.39 (s, 27 H). 13C NMR (300 MHz, CD 30D, 8): 169.08, 153.23, 135.07, 129.23, 124.43, 59.64,
41.11, 36.08, 31.62. Anal. Calc'd (found) for C4 8H66N8 0 6: C, 67.74 (67.68); H, 7.82 (7.82); N,
13.17 (13.14).
4.6.3 C57H84N 11O9KCo, 6-KH3Co
In the glove box, a thawing 4 mL DMF solution of 219 mg (1.10 mmol, 4.5 equiv) of potassium
hexamethyldisilazide was added to a thawing slurry of 65 mg (0.37 mmol, 1.5 equiv) of cobalt
acetate in 2 mL of DMF and the reaction mixture was allowed to warm to room temperature for
1 h. The reaction mixture became forest green with concomitant precipitation of potassium
acetate, and was filtered through Celite. The Celite was washed with a small amount of fresh
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DMF. This solution was added dropwise over 5 min to a stirring slurry of 6-H6, and this mixture,
which quickly became homohgeneous was allowed to stir for 16 h. The DMF was then removed
in vacuo on the Schlenk line. The reaction mixture was returned to the box, and redissolved in 2
mL of DMF. Ether was allowed to vapor diffuse into this solution overnight, which resulted in a
teal solid stuck to the bottom of the vial. The blue mother liquor was removed and replaced by 5
mL of ether. The solid was scraped up out of the vial and collected by filtration. The solid was
washed with 1:4 ether:DMF, which caused the solid to become sticky. The sticky mass was then
washed with ether until it was once again a powder, and then dried in vacuo. Yield: 208 mg
(73%). 'H NMR (300 MHz, DMSO-d6,all signals paramagnetically broadened 6): 106.55, 53.65,
30.15, 5.13, -0.98, -1.12, -1.52, -1.84, -2.76, -7.82, -16.61, -20.54, -76.24. Anal. Calc'd (found)
for C57H84N,1 O9KCo: C, 58.75 (58.49); H, 7.27 (7.05); N, 13.22 (13.02).
4.6.4 C66H102N140 12K2Co 2, 6-K 2Co2
In the glovebox, 50 mg (0.043 mmol; 1 equiv) of 6-KH 3Co and 10 mg (0.056 mmol; 1.25 equiv)
of cobalt acetate were dissolved in 1 mL of DMF. To this stirred solution was added 32 mg (0.16
mmol; 3.75 equiv) of potassium hexamethyldisilazide dissolved in 1 mL of THF. This reaction
mixture was allowed to stir for 12 h. At this time, the reaction mixture was filtered and brought
to dryness in vacuo. An NMR was taken, and the reaction was observed to have proceeded to ca.
80% completion. Thus, the reaction mixture was redissolved in 2 mL of DMF, and 3 mg of
cobalt acetate and 10 mg of potassium hexamethyldisilazide were added, and the reaction
mixture was allowed to stir for 14 h. The reaction mixture was then filtered through celite, and
crystals suitable for X-ray analysis were grown by vapor diffusion of ether in the crude DMF
solution.
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4.7 - Crystallographic details
Low-temperature diffraction data were collected on a three-circle diffractometer (6-H6 and 6-
K2C0 2) or a four-circle diffractometer (6-KH3Co) coupled to a Bruker-AXS Smart Apex CCD
detector with graphite-monochromated Cu Kax radiation (A = 1.54178 A) for the structures,
performing r-and a>-scans. The structures were solved by direct methods using SHELXS and
refined against F2 on all data by full-matrix least squares with SHELXL-97 1 using established
methods.1 2 All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were
included into the model at geometrically calculated positions and refined using a riding model.
The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value
of the atoms they are linked to (1.5 times for methyl groups). Disorders were refined in SHELXL
using rigid bond restraints as well and similarity restraints on the anisotropic displacement
parameters for neighboring atoms, and on 1,2- and 1,3-distances in disordered components.
Occupacies of disordered components were restricted to adding to unity and allowed to refine
freely. Thermal ellipsoid plots were generated using PLATON.1 A summary of the
crystallographic details for the structures can be found in Table 1.
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Table 1 Crystallographic data for 6-H 6
6-H6  6-KH 3Co 6-K 2Co2
Formula C6oH96N809  C57H84N1 O9CoK C66Hs5NI4012Co 2K2
FW 1073.45 1165.38 1462.54
Crystal System Triclinic Triclinic Monoclinic
Space Group P-1 P-1 P21/n
a, A 16.6423(3) 13.3708(4) 13.9912(2)
b, A 16.5896(2) 25.4862(7) 19.9663(2)
c, A 22.6681(3) 29.8482(8) 24.6861(3)
a, deg 90.00 110.208(2) 90
P, deg 105.7730(10) 90.778(2) 93.3340(10)
y, deg 90.00 98.227(2) 90
V, A  6022.76(15) 9425.3(5) 6884.45(15)
Z 4 6 4
radiation, A 1.54178 (Cu Ka) 1.54178 (Cu Ka) 1.54178 (Cu Ka)
D (calc'd), g/cm 3  1.077 1.232 1.411
p (Mo Ka), mm' 0.632 3.222 5.422
temp, K 100(2) 100(2) 100(2)
no. reflections 122341 159117 136231
no. ind. ref. (Rit) 21894 (0.0350) 32989 (0.0526) 12145 (0.0528)
F(000) 1952 3726 3068
GoF (F2) 1.062 1.123 1.541
R(F), %a 19.44 6.74 6.52
wR(F), %a 49.49 18.49 17.07
a Quantity minimixed = wR(FI) = E[w(Foz - Fe2)2 /E(wFo2)2]"2 ; R = EA/E(Fo), A = |(Fo - Fe)I, w =
1/[(2(FO2) + (aP)2 + bP]; P = [2Fe2 + Max(Fo,0)]/3.
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Some Ph.D.'s are shock and awe campaigns. Mine has been more of a war of attrition.
The going hasn't always been as fast as I would have liked, and many fine chemists have come
and gone, trying their hardest to leave an imprint. All that having been said, I am extremely
proud of the science contained in this thesis. There are innumerable people to whom I owe a debt
of thanks, and without whom, this would not be the document before you.
Thanks always start at the top, and so I begin with my coadvisors, Kit Cummins and Dan
Nocera. I have been continually inspired by their devotion to science, and their knowledge and
love of chemistry. I have learned many things from both of them, and while managing the
Double-Edged Sword has at times presented its challenges, I would not be the chemist or even
person I am today without their input. Above all, however, I appreciate and thank them for the
patience that they showed with both me and this project. I don't like to give up on things, and
they didn't give up on me, even during the times when that might have been the easiest choice. I
am grateful to them both.
Of course, inspiration doesn't always follow a trickle-down model, and I have been
fortunate enough to meet a great number of people during my time at MIT that have contributed
to my life and science in various ways. I start with those chosen few who joined me in my
crusade to conquer the crypt. Ross Fu was an undergraduate that worked with me in the
beginning, who gave us one of the first glimpses of the potential this project had. Evan King was
a fellow graduate student who has since moved to Harvard with whom I enjoyed talking shop
and sports a great deal. Mostafa Nassar was (and is!) a fine chemist from Egypt who worked
exceedingly hard on modifications to the general cryptand framework we had. Mostafa, from
what I understand, is coming back for a second stint at MIT, and I wish him the greatest of luck
with whatever he works on, cryptand or otherwise. Boris Breiner was a German chemist who
worked with me on this project for a spell. Nazario Lopez came to our group from Kim Dunbar's
lab, and is lucky enough to be the man that will inherit the mantle of The Cryptkeeper. He is as
talented a karaoke singer as he is a chemist (actually, he's a much better chemist). Good luck,
buddy!
A few other people have really facilitated this project through their hard work. I need to
mention Dr. Peter M ller especially. This is because the behemoth crystal structures that are
presented in this thesis would probably never have seen the light of day without his very hard
work on them. Those things are beasts, and Peter slogged through them admirably when I hit the
wall. Loi Do, a student in the Lippard lab, helped me get all the M6ssbauer data for the iron
complexes, and I thank him for his assistance as well.
Being a joint student, there are a vast number of labmates in this space that deserve
thanks. On the Nocera side, Bart Bartlett, David Manke, Steven Reese and Arthur Esswein all
welcomed me into the group. Ted Betley and Matt Kanan were postdocs with Dan, and helped
me think about my project quite a bit; I learned a lot from both of them. Emily McLaurin is a
graduate student who I have become friends with, and I thank her for reminding me that a party
is more than just hamburgers and beer. Mike Marshak is another talented chemist for whom the
science is just starting to roll, and I thank him for always being ready to talk science during the
conference calls.
Arjun Mendiratta and Josh Figueroa were the senior students in Kit's lab when I joined.
Sandy and Goni were welcoming figures in the group, and there was always enough face to go
around. Alex Fox, Nick Piro, and John Curley all joined the lab at the same time as me, and all
contributed to my graduate experience in various ways. Fox and I talked each other down off the
ledge a multitude of times. Nick, you're welcome. And John, I'm glad we started to see eye to
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eye before you left. Heather Spinney was always great a great labmate to have around, especially
if I hadn't heard about Canada in the last ten minutes. Michael Montag, the most thorough
chemist I know, was a good labmate and never turned the techno on, even though he could have.
Matt Rankin has always impressed me with his knowledge of the literature, and depressed me
with his inability to tolerate draft beer. He proofread parts of this thesis, and I'm glad to have met
him. To the newest members of the laboratory, Daniel Tofan and Alexandra Velian, I say: Dan, it
took me months to realize that "Tofan" wasn't your first name, and Alex, if you keep smiling
that much, people are going to start being suspicious. Some of us already are. Best of luck to
both of you in your chemical endeavors.
Jared Silvia, with whom I will never tire of arguing, is a great chemist and a great friend,
even if he's a Sox fan. That's ok, nobody's perfect, though Jared comes as close as he can. His
drive is inspiring. Brandi Cossairt, the Phosphorus Automaton, has got to be the hardest worker I
know. My philosophy used to be "If the chemistry's not working, you'd better be," but Brandi
always got in and killed it, regardless of whether Niobe was smiling or not that day. Robot
"Stephen" Guerrera has been great to get to know and have as a roommate. One of the nicest
guys you'll ever meet, and he works with HF. A winning combination. And of course, no
Acknowledgments section is complete without mentioning Manis. Manis is one of my best
friends, and unquestionably the most generous guy I know, though this may say more about the
people I know than it does about him. He's been a great friend and a great roommate for years,
and he introduced me to High Life as a liver solvent.
I would be remiss, and indeed unfair, to not mention Samantha MacMillan in this space.
For four years, she lit up my life during what I consider to be something of a dark period. When
He Whose Name Shall Not Be Spoken pulled a Baltimore Colts and high-tailed it back to some
second-rate institution, he took her with him, our lives both changed significantly, and it's
difficult for me to say whether it was for the better or worse. In spite of this, she is a good
chemist and a great woman, and I thank her for supporting me through thick and thin. It is one of
my sincerest regrets that we could not have known one another in easier times, and I wish her the
best of luck until California finally falls into the Pacific.
Finally, I need to thank my family, who are the foundation upon which my life is built.
My brothers Andrew, Gregory, and David never cease to amaze me, and watching them grow up
has taught me that not only can a tiger change its stripes, but the stripes never actually stop
changing in the first place. My mother and father are constant sources of inspiration to me, to say
nothing of support they gave me when I wanted nothing to do with graduate school or anything
else. As all children are to their parents, I am eternally indebted to them for their grace and love.
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